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SUMMARY 


The  purpose  of  this  research  program  was  to  evaluate  the  adequacy  of  pre- 
dictions of  fatigue-crack  growth  in  service.  More  specifically,  it  was  aimed 
at  evaluating  how  and  where  safety  factors  should  be  applied  in  the  analysis. 

The  work  was  confined  to  the  case  of  service-load  histories  as  experienced 
by  fighter  aircraft.  Crack-growth  analyses  were  made  for  a basic  fighter  spec- 
trum and  for  numerous  variations  tf  that  spectrum,  thereby  covering  more  gener- 
ally the  conceivable  service  load  histories  for  a fighter  wing.  The  analyses 
were  based  on  three  available  crack-growth  integration  (retardation)  models, 
using  the  CRACKS  computer  program.  In  addition,  a much  simpler  computational 
technique  was  developed. 

A number  of  crack -growth  experiments  were  carried  out  for  comparison  with 
the  analytical  results.  The  specimens  were  subjected  to  a variety  of  flight-by 
flight  load  histories.  Materials  tested  were  7C75-T73  aluminum  alloy  and  Ti- 
6A1-4V  titanium  alloy. 

The  results  show  that  adequate  analytical  crack-growth  predictions  can  be 
made  consistently  with  some  of  the  techniques  available.  However,  since  the 
results  are  very  sensitive  to  the  accuracy  of  the  data  input  and  to  the  empiri- 
cal constants  used,  some  experiments  will  always  be  necessary  to  establish  the 

adequacy  of  the  prediction  for  a particular  spectrum  shape  and  a particular 

« 

material. 

The  only  satisfactory  way  to  apply  a safety  factor  to  crack-growth  predic- 
tions is  to  apply  a factor  to  crack-growth  life.  Safety  factors  on  initial 
crack  size  or  baseline  data  are  unacceptable  because  they  result  in  varying 
degrees  of  conservatism. 


PREFACE 


This  research  program  has  been  conducted  by  the  Structures  and  Mechanics 
Research  Department,  Battelle's  Columbus  Laboratories,  Columbus,  Ohio,  under 
Contract  No.  N62269-76-C-0093.  The  contract  was  administered  by  the  Air 
Vehicle  Technology  Department,  Naval  Air  Development  Center,  Warminster, 
Pennsylvania,  with  Mr.  Paul  Kozel  providing  technical  liaison.  This  report 
summarizes  work  performed  during  the  period  October  1,  1975  through  September 
30,  1976. 

The  experimental  portions  of  this  research  were  performed  by  Messrs.  Lee 
R.  Taggart  and  Henry  J.  Malik  of  the  Structural  Engineering  LaDoratorles . 
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1.  INTRODUCTION 


Damage -Tolerance  assessment  of  airplane  structures  has  long  been  based 
almost  entirely  on  data  derived  from  experiments.  Recent  developments  now  pro- 
vide the  tools  for  damage-tolerance  analysis.  This  has  prompced  the  issuance  by 
the  U.  S.  Air  Force  of  MIL-A-83444,  Damage  Tolerance  Design  Requirements.  Thus, 
damage-tolerance  analysis  has  become  a necessary  ingredient  of  aircraft  struc- 
tural design.  However,  many  questions  remain  regarding  the  adequacy  of  damage- 
tolerance  analysis.  Some  of  these  questions  were  addressed  in  the  research 
program  reported  here. 

Basically,  damage  tolerance  means  that  (real  or  assumed)  preexisting  flaws 
do  not  grow,  vithin  a certain  defined  period,  to  a size  that  would  cause  loss 
of  the  aircraft  at  a specified  load.  Damage-tolerance  assessment  involves 
analysis  of  (1)  fatigue  and  environmentally  assisted  growth  of  an  initial  flaw 
under  the  anticipated  service  loading  and  (2)  residual  strength  characteristics 
of  the  cracked  structure. 

In  principle,  present-day  fracture  mechanics  and  modern  stress-analysis 
techniques  permit  the  prediction  of  residual  strength  characteristics  of  many 
structures.  Though  the  basic  tools  for  fatigue-crack-growth  prediction  were 
also  available,  the  techniques  for  dealing  with  random  or  quasi-random  service- 
load histories  did  not  exist.  Recently,  some  semiempirical  techniques  were 
proposed.  The  adequacy  of  these  techniques  for  crack-growth  predictions  is  the 
subject  of  investigation  in  this  research  program.  In  particular,  the  magni- 
tude of  required  safety  factors  is  a major  consideration. 

Safety  factors  in  damage -tolerance  analysis  may  be  tacitly  introduced  by 
(1)  assuming  large  preexisting  flaws,  (2)  using  conservative  baseline  data,  or 
(3)  showing  crack-growth  lives  that  cover  more  than  one  lifetime  (or  more  than 
one  inspection  interval).  Any  of  these  tacit  assumptions  could  confuse  the 
results  and  preclude  the  correct  assessment  of  the  degree  of  conservatism  in 
the  predictions.  An  evaluation  of  these  hidden  safety  factors  was  made  in  this 
study.  In  particular,  this  program  has  shown  that  the  assumption  of  a large 
preexisting  flaw  may  be  ultraconservative  in  some  cases  and  barely  conservative 
in  others. 

Crack-growth  predictions  will  gain  credibility  if  the  use  of  hidden  safety 
factors  is  abandoned  in  favor  of  a general  safety  factor  on  life.  Such  a 
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safety  factor  as  part  of  damage-tolerance  design  requirements  will  assign  equal 
degrees  of  conservatism  to  various  crack  configurations.  The  use  of  different 
preexisting  flaw  sizes  does  not  accomplish  this  objective. 

The  work  was  confined  to  fighter  service  load  histories.  In  Section  2,  the 
baseline  spectrum  and  its  variations  will  be  discussed.  Subsequently,  Section  3 
gives  the  experimental  details.  The  analysis  procedures,  their  results,  and 
their  sensitivity  to  data  input  and  assumptions  are  discussed  in  Section  4. 
Section  5 deals  with  spectrum  effects  and  the  required  accuracy  of  spectrum  rep- 
resentation. The  subject  of  Section  6 is  the  generalization  of  the  procedures 
and  their  application  to  real  crack  configurations.  Sections  7 and  8 deal  with 
the  accuracy  of  predictions,  the  necessary  safety  factors,  and  how  to  apply 
them. 

Detailed  information  on  the  spectra  that  were  used,  and  all  unprocessed 
test  results  are  presented  in  the  attached  Appendix.  Thus,  they  are  available 
for  reanalysis  with  forthcoming  new  techniques. 

2.  SPECTRA 


2. 1 Exceedance  Diagrams 

The  load  spectrum  used  in  this  investigation  was  a fighter  spectrum.  It 
was  received  from  the  Naval  Air  Development  Center  (NADC)  in  the  form  of  a basic 
load  sequence  of  72,000  cycles  comprising  6,000  flight  hours.  A tabulation  of 
this  sequence  is  given  in  the  Appendix,  Table  A-l.  It  consisted  of  blocks  of 
cycles  representing  20  flight  hours  as  a basic  block.  In  addition,  there  were 
four  other  blocks  of  cycles  that  occurred  once  every  200  hours  (after  every  10 
basic  blocks),  once  every  1,000  hours  (every  50  basic  blocks),  and  once  every 
6,000  hours  (at  the  end  of  the  sequence). 

The  20-hour  block  consisted  of  a sequence  of  32  different  load  ranges.  The 
number  of  cycles  per  load  range  varied  between  1 and  57,  all  cycles  of  a given 
range  occurring  as  one  group.  The  total  cycle  content  of  the  20-hour  block  was 
213  cycles.  The  extra  blocks  after  200,  1,000,  3,000,  and  6,000  hours  were  of 
a similar  nature,  but  the  load  ranges  and  cycle  content  of  each  were  different. 
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The  load  maxima  of  this  load  sequence  were  counted,  and  a load  exceedance 
diagram  was  established  for  100  flight  hours.  This  Is  represented  by  the  solid 
data  points  in  Figure  1.  It  will  be  referred  to  in  the  following  as  the  basic 
spectrum.  The  curve  drawn  through  the  data  points  is  denoted  as  Spectrum  A. 

This  means  that  the  basic  spectrum  and  Spectrum  A are  identical  from  the  point 
of  view  of  load  exceedance. 

Other  spectra  and  load  sequences  were  established  on  the  basis  of  Figure  1. 
In  the  first  place,  Spectrum  A was  approximated  by  a staircase  approximation 
using  17  load  levels,  as  indicated  in  Figure  1.  Since  the  lowest  maximum  in  the 
basic  spectrum  was  .37  of  limit  load  (see  data  point  1200  in  Figure  1)  a trun- 
cated version  of  Spectrum  A was  devised,  as  shown  in  Figure  2.  The  load  levels 
for  the  staircase  approximation  are  the  same  as  in  Figure  1;  however,  levels  11 
and  12  were  omitted  by  truncating  at  level  10,  and  levels  14,  15,  16,  and  17 
were  all  taken  at  zero. 

Apart  from  the  fine  staircase  approximation  of  Spectrum  A by  17  levels 
(Figure  1),  a coarse  staircase  approximation  of  11  levels  was  made  (Figure  3). 
The  load  levels  used  for  this  coarse  approximation  were  the  same  as  for  the  fine 
approximation,  but  levels  3,  5,  7,  9,  12,  and  15  were  omitted  and  the  number  of 
exceedances  for  the  other  levels  were  adjusted  appropriately.  This  can  be  seen 
in  the  comparison  of  the  coarse  with  the  fine  approximation  in  Figure  3. 

Three  variations  of  Spectrum  A were  generated,  denoted  as  Spectra  B,  C,  and 

D (Figure  4).  Spectra  B and  C have  the  same  maximum  as  Spectrum  A,  but  a higher 
(Spectrum  B)  or  a lower  (Spectrum  C)  cycle  content.  Spectrum  D has  the  same 
cycle  content  as  Spectrum  A,  but  it  contains  loads  of  a higher  magnitude,  al- 
though the  maximum  load  is  the  same  as  in  Spectrum  A.  Spectra  B,  C,  and  D were 
approximated  by  a 17-level  staircase  approximation,  using  exactly  the  same  17 
levels  as  used  for  the  fine  approximation  of  Spectrum  A.  Of  course,  the  number 
of  cycles  at  each  level  is  different.  The  staircase  approximations  of  Spectra  B 
and  C are  shown  in  Figure  4.  The  one  for  Spectrum  D was  omitted  for  reasons  of 
clarity,  but  is  given  in  tabular  form  later. 

All  load  levels  are  given  as  a fraction  of  limit  load.  The  stress  at  limit 

load  for  all  spectra  was  taken  at  33.6  ksi  for  7075-T73  and  at  65  ksi  for  Ti- 

6A1-4V.  On  this  basis,  the  stress  levels  for  all  the  spectra  are  defined.  The 
effect  of  variation  in  design  stress  was  studied  for  Spectrum  B.  The  limit  load 
stresses  were  taken  as  27,  30,  33.6,  and  37  ksi  for  7075-T73,  and  55,  60,  65, 
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A 


Basic  spectrum 


FIGURE  1.  COMPARISON  OF  BASIC  SPECTRUM  WITH  SPECTRUM  A (STA.'RCASE  APPROXIMATION) 


100  flight  hours 


FIGURE  3.  COARSE  APPROXIMATION  OF  SPECTRUM  A BY  11  LEVELS  AND  FINE  APPROXIMATION  BY  17  LEVELS 


FIGURE  4.  COMPARISON  OF  SPECTRA  A,  B,  C,  AND  D 


and  70  ksi  for  TI-6A1-4V.  Essentially,  these  variations  can  be  considered  as 
additional  spectra,  in  which  all  the  load  levels  in  Figure  4 are  increased  pro 
portionally  by  the  same  factor. 


2.2  Missions  and  Mission  Mix 

The  load  sequence  of  the  basic  spectrum,  discussed  in  the  previous  section 
(tabulated  in  the  Appendix),  was  the  starting  point  for  the  derivation  of  the 
exceedance  diagrams. 

A simple  procedure  was  followed  to  establish  mission  mixes  for  Spectra  A, 
B,  C,  and  D.  The  results  are  presented  in  Tables  1 through  5.  The  procedure 
will  be  discussed  on  the  basis  of  Table  3.  Column  1 of  this  table  lists  the 

load  levels;  Column  2 gives  the  magnitude  of  each  level  as  a fraction  of  limit 

load;  and  Column  3,  the  number  of  exceedances  of  each  level.  This  information 
can  be  derived  directly  from  Figure  4.  The  number  of  occurrences  of  each  level 
is  given  in  Column  4 of  Table  3.  It  follows  from  a subtraction  of  each  pair  of 
successive  numbers  of  exceedances  in  Column  3. 

The  occurrences  represent  the  number  of  times  a given  load  level  will  be 
reached  in  100  flight  hours.  For  simplicity,  the  duration  of  one  flight  was 
taken  at  1 hour.  Thus,  the  numbers  represent  the  loads  in  100  flights.  It  was 
then  assumed  that  three  different  types  of  missions  would  be  flown,  denoted  as 

Missions  I,  II,  and  III.  Mission  I is  the  severest,  Mission  III  the  least  se- 

vere. Mission  I appears  in  four  versions:  heavy  (Mission  la),  medium  (Mission 
lb),  and  light  (Missions  Ic  or  Id).  The  arbitrariness  of  these  and  following 
assumptions  will  be  discussed  in  Section  5. 

The  cycle  content  of  Mission  la  was  assumed  as  given  in  Column  5 of  Table 
3 (occurrences  per  flight).  Since  Mission  la  is  the  heavy  version  of  the  se- 
verest mission,  it  contains  the  highest  load  of  the  spectrum  — 1.04  times  limit 
load.  Obviously,  there  can  be  only  one  flight  of  Mission  la  in  100  flights, 
since  the  highest  load  occurs  only  once  in  100  flights.  This  means  that  all 
the  loads  contained  in  all  Missions  la  are  as  given  in  Column  6.  The  cycles 
remaining  for  the  remaining  99  flights  are  as  given  in  Column  7.  They  follow 
from  subtracting  Column  6 from  Column  4. 
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SPECTRUM  A (COARSE) 


TABLE  3.  SPECTRUM  B 
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TABLE  4.  SPECTRUM  C 


l OO-JOO  lOOO  I I 

I N N rt  N yj  I r—t\0<t  • • 

—I  N IAH 


I OOOOO  • OOO  I I 

I N N <f  S «J  I H vO  vt  I • 

r—i  r-i  N lAH 


OOO  l O O I OOOO  I 

N (N  O I N vO  I O ,N  <f  N I 


iNinmvooNON^^fOH  • 


I I OOOOOO  i OOOO  l 

i i rg  ov  m <r  cx>  o i m » co  (N  i 

h h <n  n h 


I N N N N N M O • -sf  vO  N O 00 

i nnO'jmO'O  i cor^omr-i 

r-4  f-4  — « .-4  CVJ  <n  CO  H 


(N(NCMCM(NCN!N0  I <t  CO  N N H 


vooocoooooooooo  i >o  o co  m 

•-*  r'l  O <f  m O ov  i sj  n O'  (N 

1-4  H H H N cl  O'  r-4 


ifvir^OOOOOOO  l oooor^co 
N >0  tA  vO  ■-*  O I ifl  lO  o N N 

f—4  r-4  r— 4 •— 4 n (O  O' 


icnooooooooooooooro 

HtONcono'ooo'omooto 

Hf04'4J0'0'NN<0H 


■-tf'JlOvfiA'ON'XJO'OHrNtOvJtAvOPN 


x>  ^ d 

B - E ^ 

O VO  O 


u. 

O H (O  II 

«-•  *-»  x: 

w u 

H H i-^  O 
0)  4)  01 
> > > r-* 

XSSU 


U.  O .O  O O Cfl  0-0  0 O jQ 


UWUU<IUCQUUB3 


other  spectra  (see  Table  3) 


TABLE  5.  SPECTRUM  D 


1 


u 

(0 

i i 

f 

f 

i 

I 

i 

1 

1 

1 

1 1 

1 

<u 

i i 

1 

1 

1 

i 

1 

i 

1 

1 

1 

1 

1 1 

• 

aS 

M 

M 

i i 

1 

1 

o 

i 

o 

o 

o 

o 

o 

o 

o Q 

1 

M 

X 

• i 

1 

1 

vt 

i 

4 

CM 

CM 

4 

CM 

X 

X -4 

1 

r—i 

r—i 

r-H 

r—i 

r-H 

r-H 

X rH 

C 

Xj 

o 

o 

-r-H 

CM 

(0 

o 

i i 

1 

1 

CM 

CM 

ON 

X 

r-H 

X 

>4 

X 

X X 

1 

(0 

X 

• i 

1 

1 

rH 

CM 

CM 

X 

X 

X 

1 

a 

W 

o 

i < 

« 

1 

CM 

1 

x 

X 

X 

x 

X 

-4 

r-H  X 

1 

o 

i i 

1 

1 

1 

X 

1 

o 

*J 

CO 

i i 

1 

1 

O 

1 

o 

o 

o 

o 

O 

O O O 

1 

o> 

i i 

1 

1 

<r 

• 

4 

CM 

CM 

4 

CM 

X 

X -4 

1 

as, 

rH 

r-H 

r-H 

r— H 

r-H 

r-H 

X X 

M 

i i 

1 

o 

o 

O 

o 

o 

o 

o 

o 

o 

O O O 

*H 

X 

• i 

1 

x 

x 

r—i 

x 

4 

4 

4 

4 

<f  CM  x 

X 

CM 

rH 

r-H 

r-H 

r—i 

r-H 

r—H 

loo 

r— H 

U H 

x 

• 

II  (0 

o 

i i 

1 

CM 

X 

X 

X 

O 

CM 

4 

X 

X x 

r—i 

1 w 

X 

• i 

1 

r-H 

r-H 

r—i 

r-H 

r-H 

a 

U3 

o 

i i 

I 

H 

l“M 

X 

i — i 

CM 

CM 

CM 

CM 

-4  X r-( 

r-H 

CJ 

i i 

1 

r—i 

o 

X 

O 

o 

o 

o 

o 

O 

o 

o 

o o o 

o 

CO 

i i 

1 

x 

r—i 

rH 

r-H 

X 

X 

X 

X 

X 

<t  ~i 

X 

Q) 

ai 

t i 

1 

r—i 

CM 

CM 

CM 

CM 

CM 

CM 

X 

x x 

o 

1 00 

O 

l 

X 

<f 

o 4 

4 

CM 

4 

-4 

X -4  X 

t-i 

X 

' r_< 

CO 

l 

r — 1 

CM 

X 

CM 

CM 

x 

CM 

X 

rH  X 

X 

r-H 

c 

o 

X 

•r-H 

«e 

CO 

o 

1 x 

X 

X 

H 

•n 

o <r 

X 

o 

4 

X 

X x 

X 

co 

X 

1 

rH 

r—i 

CM 

CM 

CM 

4 

4 

-4  -4  r-H 

•rH 

w 

o 

• CO 

m 

1 

X 

4 

5 

4 

4 

CM 

4 

4 ^ 4 

X 

o 

1 

1 

rH 

X 

o 

4J 

0 0 

o o 

X 

*4  o 

•4 

4 

CM 

4 

-4 

X %4  X 

CO 

1 r-H 

CO 

x 

CM 

X 

4 

X 

X 

X 

X 

X 

X x 

X 

o 

• 

rH 

CM 

CM 

CM 

CM 

X 

CM 

X 

ON  X 

1 

at 

rH 

X 

co 

X 

l X 

m x 

ON 

CM 

X 

CM 

CM 

X 

X 

X 

X X 

X 

M 

1 

rH 

r—i 

r-H 

r—i 

r—i 

X 

*-H 

O —H 

rH 

G 

O 

X 

•H 

x 

CO 

o 

• CM 

x 

« 

H 

X 

O 

4 x 

O 4 

X 

X X 

X 

CO 

X 

1 

r—i 

t — 4 

CM 

CM 

CM 

4 

4 

<1 

4 -H 

•H 

U4 

o 

1 CM 

1 

X 

H 

X 

5 

4 

4 

CM 

4 

>4 

X \4 

X 

o 

rH 

X 

o 

1 

in 

X 

x 

X 

X 

X 

X 

X 

X 

X 

<f  X 

X 

CO 

• CM 

4 x 

X 

4 

X 

ON 

ON 

X 

O' 

CN 

X >4 

X 

a 

1 

H 

CM 

CM 

CM 

CM 

X 

X 

X 

O x 

cd 

X 

H-H 

r~i  CM 

CM 

X 

X 

4 

5 
4 

-O 

CM 

-4 

-4 

X >4 

X 

X 

r-H 

X 

C 

O 

x 

•H 

-n 

<0 

o 

rH  CO 

m 

X 

r— H 

X 

O 

4 x 

o 

4 

X 

X X 

X 

to 

X 

H 

r-H 

CM 

CM 

CM 

4 

-4 

4 

•4  rH 

w 

U) 

* 

u 

<-H  CM 

CM 

X 

X 

4 

X 

*4 

CM 

4 

X <f 

X 

o 

r—i 

X 

° 

-H  x 

x 

X 

o 

o 

O 

o 

O 

o 

o 

O 

o o 

o 

o 

CM 

x 

4 

X 

X 

o 

O 

o 

o 

o 

O X 

ON 

s 

rH 

CM 

CM 

X 

X 

4 

X 

sj- 

rH  X 
X 

. 

^H  x o 

o 

O 

O 

o 

O 

O 

o 

o o o o 

It 

o 

CM 

x 

x 

o 

4 

o o 

o 

o 

o 

Q 

o o 

X 

X 

rH 

CM 

X 

X 

—i 

4 

X 

rH 

x 

X -4 

r-H 

O 

w 

r—i 

X 

X 

X 

f- 

<u 

> 

rH  CM 

3 

t* 

x 

X 

x 

O0 

O' 

o 

r—i 

X 

x 4- 

X 

m 

r-H 

rH 

—H 

rH  r-H 

rH 

►J 

T-«  U,  .. 

a *h  5 

E 


c x c 

-Q  Xi 
J vO  O 


co  X 
cd  nj 
H 


O H O W 


e v 

r3  4) 


X x c > 

q •— * «r-l  0» 

0 g -* 


4 u 
O r-H  x a> 
•h  X 


to 


H H O 

a>  a a) 

> > > 

II  11  HI  H 

.J  ►J  hJ  «j 


> X. 

S o 


OXOUnjOXOOX 


JL  3 

rH 


o«iuo*<utfoytQ 


21 


Mission  lb  is  the  medium  version  of  the  severest  mission.  Hence,  it  will 
contain  the  next  highest  available  load  level.  Since  levels  1 and  2 are  ex- 
hausted, the  highest  load  of  Mission  lb  is  of  level  3.  The  load  occurrences  of 
Mission  lb  were  assigned  as  in  Column  8.  The  cycle  content  is  essentially  the 
same  as  for  Mission  la  (same  mission  type)  apart  from  those  at  the  highest 
levels . 

Level  3 occurs  twice  in  each  Mission  lb  (Column  8).  There  remained  6 cy- 
cles of  level  3 (Column  7);  hence.  Mission  lb  can  occur  only  three  times.  This 
means  that  the  total  cycle  content  of  all  Missions  lb  is  as  given  in  Column  9 
(three  times  Column  8).  The  occurrences  for  the  remaining  9G  flights  are  as 
given  in  Column  10  (subtract  Column  9 from  Column  7). 

Mission  Ic  contains  the  next  highest  level  and  its  cycle  content  is  essen- 
tially the  same  as  for  Missions  la  and  lb.  Level  4 occurs  twice  (Column  11). 
Since  there  remain  12  occurrences  of  level  4,  Mission  Ic  occurs  six  times. 

Thus,  the  content  of  all  Missions  Ic  is  as  in  Column  12  (six  times  Column  11), 
and  the  cycles  for  the  remaining  90  flights  are  as  in  Column  13  (subtract 
Column  12  from  Column  10). 

Similar  procedures  were  followed  to  devise  Missions  Id  and  II.  Mission  Id 
occurs  30  times  and  it  exhausts  level  6 (Column  16).  Mission  II  occurring  50 
times,  exhausts  level  5 (Column  19).  Thus,  the  remaining  cycles  in  Column  19 
occur  in  the  remaining  10  flights,  automatically  leaving  10  Mission  Ill's. 

The  procedures  followed  for  the  positive  excursions  (above  lg,  represented 
by  levels  1 through  12)  are  essentially  the  same  as  for  the  negative  excursions. 
Since  the  number  of  exceedances  for  levels  12  and  13  is  the  same  (Figure  4 and 
Column  3 in  Table  3),  care  was  taken  that  the  number  of  positive  and  negative 
excursions  was  the  same  for  a given  mission. 

The  procedure  resulted  in  100  flights  of  six  different  types  — 40  Mission 
I's  (1  of  type  la,  3 of  type  lb,  6 of  type  Ic,  and  30  of  type  Id),  50  Mission 
II's  and  10  Mission  Ill's.  Obviously,  the  smallest  block  of  flights  that  still 
contains  all  missions  is  a block  of  10  with  4 Mission  I's,  5 Mission  II's,  and  1 
Mission  III.  The  sequence  of  flights  within  this  10-flight  block  was  taken  as 
1 times  III,  2 times  I,  5 times  II,  and  2 times  I.  This  block  is  shown  in  Table 
3. 


There  are  four  missions  I in  each  block.  The  second  pair  was  always  a par 
of  Mission  Id's.  The  first  pair  consisted  of  Id  paired  with  either  la,  lb. 


or  Ic.  A block  with  Mission  la  is  called  block  A,  a block  with  Mission  lb  is 
block  B,  and  a block  with  Mission  Ic  is  called  block  C. 

The  total  sequence  of  100  flights  consists  of  10  blocks  of  10  flights  each. 
Since  there  are  three  mission  Id's  in  each  block,  Mission  Id  occurs  30  times  in 
the  total  sequence  as  required.  Since  Mission  la  occurs  once,  there  should  be 
one  block  A in  the  100  flights.  Similarly,  there  should  be  three  block  B's  (3 
Mission  lb's)  and  six  block  C's  (six  Mission  C's).  Therefore,  the  block  sequence 
was  taken  as  CCBCCABCBC  (see  Table  3).  The  entire  sequence  of  100  flights  was 
repeated. 

Very  similar  procedures  were  followed  tor  the  other  spectra.  They  can  be 
reconstructed  from  Tables  1 through  5. 

2.3  Load  Histories 

The  load  sequence  within  a flight  still  remained  to  be  established.  First, 
a load  cycle  needed  to  be  defined,  i.e.,  the  various  positive  and  negative  ex- 
cursions had  to  be  combined  into  cycles.  This  was  done  in  the  following  manner. 
All  positive  excursions  (except  the  ones  to  level  10)  were  started  from  level 
13,  to  form  ranges  13-1,  13-2,  etc.  The  excursions  to  level  10  were  started 
from  levels  14,  15,  16,  and  17  to  give  ranges  14-10,  15-10,  etc.  (In  antici- 
pation of  this  procedure,  the  staircase  approximation  of  the  spectra  was  pre- 
pared so  that  the  number  of  occurrences  of  level  10  was  equal  to  the  number  of 
exceedances  of  level  14  [Tables  1 through  5].) 

The  resulting  cycles  in  each  flight  were  ordered  low-high-low  (assuming 
that  the  highest  loads  occur  during  the  attack  phase  in  the  middle  of  a flight). 
The  excursions  to  level  10  (following  levels  12  and  11)  at  the  beginning  of  a 
flight  were  started  from  14,  15,  16,  and  17,  in  this  order.  The  excursions  to 
level  10  (preceding  11  and  12)  at  the  end  of  the  flight  were  started  from  levels 
17,  16,  15,  and  14  (in  this  order)  if  they  occurred. 

Each  flight  was  terminated  by  a ground-air-ground  (GAG)  cycle.  It  consisted 
of  a negative  excursion  to  level  15  and  a touch  down  cycle  to  level  14.  Since 
each  flight  starts  and  ends  at  level  13,  the  complete  GAG  operation  consisted  of 
13-15-14-15-13.  The  effect  of  omitting  the  GAG  was  investigated. 

The  sequencing  of  cycles  within  a flight,  the  combinations  of  load  levels, 
and  the  GAG  were  the  same  for  all  spectra.  The  combination  of  load  levels  was 
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not  made  arbitrarily.  It  was  selected  in  such  a way  that  the  exceedance  diagram 
of  the  ranges  for  Spectrum  A was  the  same  as  the  exceedance  diagram  for  ranges 
of  the  stress  history  used  to  derive  the  basic  spectrum. 

Examples  of  the  strip-chart  records  of  the  stress  histories  are  presented 
in  Figure  5.  Although  the  basic  spectrum  contains  many  more  levels  than  the 
other  spectra,  it  shows  large  patches  of  constant-amplitude  cycles.  The  flight- 
by-flight  load  history  of  Spectrum  B is  also  shown  in  Figure  5.  Although  the 
number  of  load  levels  is  much  smaller,  it  shows  a subtle  and  more  realistic  load 
sequence.  Yet,  it  is  defined  in  a much  simpler  way  for  the  purposes  of  tests 
and  computations:  it  only  requires  a definition  of  3 missions,  a definition  of 
a block,  and  a block  sequence.  Strip-chart  records  of  Spectra  A,  C,  and  D are 
very  similar. 


3.  EXPERIMENTS 


3.1  Materials  and  Specimens 


The  material  used  for  the  experiments  were  Ti-6A1-4V  mill-annealed  plate 


0.25-inch  thick,  and  7075-T73  aluminum  alloy  plates  0.25-inch  and  0.50-inch 
thick  with  the  following  mechanical  properties: 


Ti -6A1-4V, 
0.25  inch 


Ultimate 

tensile  strength,  ksi 

137.0 

Tensile  yield  strength,  ksi 

128.7 

Fracture 

toughness,  ksi/in. 

120.0 

7075-T73, 
0.25  inch 

71.113 

60.383 

67.70 


7075-T73, 
0.50  inch 

71.113 

60.383 

67.70. 


Three  types  of  specimens  were  used,  as  illustrated  in  Figure  6.  Each 
specimen  contained  two  cracks.  Center-cracked  panels  (Type  a)  were  used  for 
the  generation  of  baseline  crack-growth  data  and  for  the  majority  of  the  spec- 
trum tests.  Two  Type  b specimens  were  used  to  obt ai”  data  on  a crack  emanating 
from  a hole:  one  specimen  contained  a through -the -thickness  crack  at  each  of 
two  0.2-inch-diameter  holes;  the  other  a corner  crack  at  each  of  two  0.5-inch- 
diameter  holes.  Two  specimens  were  provided  with  a stringer  of  the  same  mate- 
rial (Type  c). 
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Spectrum  B,  low  recorder  speed 
Mission  numbers  indicated 
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Mission  lb 


Mission  II 


Mission  II 


Mission  III  Mission  Id 


FIGURE  5.  STRIP  CHART  RECORDS  OF  BASIC  SPECTRUM  AND  OF  SPECTRUM  B 
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All  center-cracked  specimens  contained  0.25-inch  starter  notches,  consisting 
if  a 0.4-inch-diameter  hole  with  two  jeweler's  saw  cuts.  These  notches  were 
found  to  start  cracks  immediately.  The  cracks  at  holes  were  also  started  from  a 
jeweler's  saw  cut.  They  were  precracked  to  the  desired  crack  dimensions;  then 
the  spectrum  tests  were  started.  The  specimens  with  stringers  were  precracked 
before  the  stringers  were  mounted. 

In  order  to  prevent  compressive  buckling,  the  specimens  were  supported  by 
antibuckling  guides.  These  consisted  of  a 0.5-inch-steel  plate  at  each  side  of 
the  specimen,  bolted  together  just  outside  the  specimen  edges.  They  were  a 
little  shorter  than  the  free  length  of  the  specimens  (to  allow  for  compressive 
deformation  of  the  specimen)  lined  with  felt  to  prevent  load  transfer,  and  con- 
tained two  port  holes  to  enable  crack-growth  readings. 

The  experiments  were  carried  out  in  an  electrohydraulic  fatigue  machine  of 
130,000  pounds  capacity  with  an  on-line  computer.  Crack-growth  measurements 
were  made  visually,  using  a 30-power  traveling  microscope.  The  temperature  was 
kept  at  70  + 3 F,  the  relative  humidity  was  55+5  percent. 

3.2  Baseline  Data 


Constant-amplitude  crack-growth  data  were  generated  using  Type  a specimens. 
The  0.25-inch  7075-T73  was  tested  at  stress  ratios  of  R = -0.15,  0.0,  0.15, 

0.30,  and  0.50.  The  0.50-inch  7075-T73  and  the  Ti-6A1-4V  were  tested  at  R = 0.0, 
0.30,  and  0.50.  In  addition,  some  experiments  were  performed  in  which  the  region 
of  the  crack  was  sprayed  with  a saltwater  solution  containing  3 percent  NaCl. 

All  unprocessed  baseline  data  (crack  size  versus  number  of  cycles)  are  given 
in  tabular  form  in  the  Appendix.  The  data  were  used  to  derive  the  crack-growth 
rate  per  cycle,  da/dN,  as  a function  of  the  stress-intensity  range,  A K.  As  an 
example,  Figure  7 shows  the  growth-rate  curve  for  Ti-6A1-4V  at  R = 0.  Figure  8 
shows  the  effect  of  stress  ratio  for  7075-T73. 

Forman's  equations  of  the  type 


da  (A K)° 

dN  (1-R)KC-AK 


(1) 


were  fitted  through  each  set  of  data  (one  per  specimen).  Subsequently,  all  data 
sets  for  one  material  were  lumped  in  a plot  of 

{(1-R)Kc-Ak}  j*  = C (AK)n  , (2) 
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and  the  Forman  constants  C and  n determined  for  the  total  volume  of  data.  These 
plots  are  shown  in  Figures  9 and  10.  (For  a perfect  data  fit  to  the  Forman  equa- 
tion, the  data  sets  for  different  R-ratios  should  condense  to  a single  curve  in 
these  plots.) 

The  resulting  C and  n values  are  compiled  in  Table  6.  The  regression  coef- 
ficient shows  the  goodness  of  fit  (r*  = 1 is  a perfect  fit).  Best-fit  Forman 
equations  for  the  complete  data  sets  are  given  as  average  data  for  the  lumped 
data  set.  Taking  the  boundary  of  the  scatter  band,  an  upper  bound  curve  was  con- 
structed, the  constants  for  which  are  also  given  in  Table  6.  Finally,  the  two 

lower  lines  in  Table  6 present  data  for  7075-T6  and  2024-T3,  derived  from  the 
(1)* 

literature  , for  use  in  some  of  the  crack-growth  calculations. 


Spectrum  Tests 


Digital  magnetic  tapes  were  produced  of  the  load  sequences  used  in  the 
spectrum  tests.  The  tapes  were  used  to  monitor  the  fatigue  machine.  A contin- 
uous strip-chart  record  was  made  of  each  experiment  to  permit  a check  on  the 
proper  load  input. 

The  test  matrix  for  the  spectrum  tests  is  given  in  Table  7.  All  unprocessed 
test  data  are  tabulated  in  the  Appendix.  The  crack-propagation  curves  are  pre- 
sented in  subsequent  sections  where  they  are  compared  with  computed  (predicted) 
curves.  Two  sets  of  data  points  will  be  given  (i.e.,  open  and  solid  data  points) 
in  each  case  for  the  two  cracks  in  each  specimen. 


* References  are  listed  at  the  end  of  the  report. 
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R = -0.I5 
0 

0.15 

0.3 

0.5 


Specimen  type  a (center  crack) 
Thickness:  0.25  inch 


TABLE  6.  BASELINE  CRACK -GROWTH  INFORMATION 


growth  computations. 


TABLE  7.  SPECTRUM  TESTS 


Ti- 

6A1-4V 

7075- 

-T73 

Limit 

Number 

Limit 

Number 

Specimen  Type 

Thickness, 

of 

Load, 

of 

(Figure  6) 

(in.) 

Spectrum  Type 

ksi 

Tests 

ksi 

Tests 

a 

0.25 

Basic  spectrum 

65 

2 

33.6 

2 

Spectrum  A (fine) 

33.6 

1 

Spectrum  A (coarse) 

65 

1 

33.6 

1 

Spectrum  B 

55 

1 

27 

1 

60 

1 

30 

1 

65 

1 

33.6 

1 

70 

1 

37 

1 

Spectrum  C 

33.6 

1 

Spectrum  D 

65 

1 

33.6 

1 

b (Hole) 

0.5 

Basic  Spectrum 

33.6 

2 

c (Stiffener) 

0.25 

Basic  Spectrum 

28.8 

2 

4.  CRACK-GROWTH  ANALYSIS 


4. 1 Retardation  Models 


A fatigue  cycle  preceded  by  a load  of  higher  magnitude  produces  less  crack 
propagation  than  it  does  in  the  absence  of  the  higher  preload  (assuming  the  same 
crack  size).  This  phenomenon,  called  retardation,  is  extensively  described  in 
the  literature  (e.g.,  Reference  2).  It  is  usually  attributed  to  a combination 
of  compressive  residual  stresses  and  crack  closure  due  to  residual  stresses. 

(3-7) 

At  least  five  models  have  been  proposed  to  treat  retardation  in  a 

quantitative  fashion.  It  is  beyond  the  scope  of  this  report  to  discuss  all 
these  models  (for  details,  see  References  2,  8,  9,  and  10).  Suffice  it  to  state 
that  none  of  the  models  have  a solid  physical  bases,  and  that  most  are  semi- 
empirical  in  the  sense  that  they  contain  one  or  more  constants  that  have  to  be 
derived  from  variable-amplitude  crack-growth  experiments. 

The  two  best  known  models  are  by  Wheeler^  ^ and  by  Willenborg,  et  al^\ 

The  essentials  of  these  models  will  be  briefly  presented. 

Wheeler  defines  a crack-growth  reduction  factor,  C , 

P 


55  ‘ cp  f<4K)  • <3) 

where  f(AK)  is  the  usual  crack-growth  function,  e.g..  Equation  (1).  The  retarda- 
tion factor,  0^,  is  given  in  the  following  equation  (see  Figure  11): 


.(-it- 

\a  +r  -a 


m 


'va  +r  -a . / 
P Po  i 


= l; 


JLL  ' 
s-a . / 

l 


(4) 


where  r ^ = current  plastic  zone  in  the  ith  cycle  under  consideration 
a^  = current  crack  size 

r = size  of  the  plastic  zone  generated  by  a previous  overload 

a = crack  size  at  which  that  overload  occurred 
o 

m = empirical  constant  (retardation  exponent). 

At  any  given  crack  size,  a^,  only  that  previous  overload  is  of  importance  for 
which  s = aQ  + r^o  (Figure  11)  is  the  largest,  i.e.,  its  plastic  zone  extends 
beyond  the  plastic  zone  of  all  previous  overloads. 
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The  size  of  the  plastic  zone  according  to  Reference  2 is 


Pi 


po 


i (1-R)2(AK)= 

max . i 1 

s“  = — 3 

CKO  CKO 

ys  ys 


Ka 


max.o 


CKO 


s 


(5) 


with 


where  K 


max 


ys 

K = 8o  ./ira  , 

is  the  maximum  stress  intensity  in  a given  cycle,  O'  = 2tt  for  plane 


stress,  and  ck  = 6tt  for  plane  strain,  and  8 is  the  geometry  factor. 

There  is  retardation  as  long  as  the  current  plastic  zone  size  is  contained 
within  a previously  generated  plastic  zone.  If  r = s - a^,  the  reduction 

is  equal  to  one.  The  retarded  crack-growth  rate  can  be  determined 


factor,  C 


P’ 


from  the  baseline  (constant  amplitude)  crack-growth  rate  as 

(-) 

p \dN/. 


( da  \ 

VdlJ 


= C 


retarded 


(6) 


linear 


where  (da/dN), . follows  from  an  equation  like  Equation  (1)  in  which  the 

linear 

proper  values  of  hP ^ and  are  used  for  AK_  in  the  ith  cycle. 

The  Wlllenborg  model  also  relates  retardation  to  the  overload  plastic  zone 
It  makes  use  of  an  effective  stress-intensity  factor,  the  maximum  stress  in- 
tensity in  the  ith  cycle  j K . = (l-R)AK.  I,  being  reduced  to  K as: 

J } L max,i  l-l’  max,eff 


K „ = K - <b 

max,eff  max,i 


max.o 


a.  -a 
1 o 


po 


K 


max,  i 


also, 


K . * K - 0 

min,eff  min,i 


f / a. -a 

{k  ,/l  - — 2 

l.  max.o  * r 

po 


(7) 


- K 


max,  i 


in  which  the  symbols  are  defined  by  Figure  11. 

Since  K and  K are  reduced  by  the  same  amount,  the  overload  does  not 
max  min 

change  AK  but  causes  only  a reduction  of  the  cycle  ratio,  R,  as  long  as  Km£n  > 

0.  When  R , ,,  < 0,  it  is  set  at  zero.  In  that  case  R = 0 and  AK  = K 

min.eff  max,eff 

In  the  original  model,  0 is  equal  to  one.  Immediately  after  the  overload. 


a,  = a which  means  that 
i o 


K ,,  = 2K  , - K for  a 

max.eff  max,i  max,o  i 


(8) 
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Consequently,  the  model  predicts  complete  retardation,  i.e.,  zero  crack-growth 


rate  for  the  case  that  the  overload  is  twice  as  high  as  the  subsequent  cycle, 

because  that  would  lead  to  K cc  = 0.  Therefore,  Gallagher  and  Hughes'11' 

max,efr 

introduced  the  factor  <b  in  Equation  (7)  given  by 


K - K 

max . i max , th 

K - K 

max , o max , l 


in  which  K 


(9) 

is  the  threshold  value  for  fatigue-crack  growth.  This  correction 


max , th 

was  not  applied  in  the  present  work. 


The  two  models  do  not  account  for  (a)  the  reduction  of  the  retardation  effect 


by  negative  overloads  and  (b ) the  difference  in  retardation  caused  by  single  and 

.(7) 


multiple  overloads.  The  crack-closure  model  by  Bell  and  Creager  attempts  to 
overcome  these  shortcomings.  It  is  based  on  a crack-rate  equation  using  an  effec- 
tive stress  intensity,  which  is  the  difference  between  the  applied  stress  intensity 
and  the  stress  intensity  for  crack  closure.  The  latter  is  determined  semiempiri- 
cally.  The  final  equation  is  complex,  contains  many  empirical  constants,  and  is 
difficult  to  apply. 

In  essence,  all  retardation  models  require  a cycle -by-cycle  integration  of 


crack  growth.  During  the  ith  cycle  at  crack  size  a^,  a stress  range  A is  applied. 


The  stress  intensity  is  AK.  = 8 AaV^a . . The  linear  crack-growth  rate  follows  ft 
fda\  111 


Equation  (1)  as  . Application  of  one  of  the  retardation  models  gives  the 

'dN/linear  {&a\ 


retarded  crack-growth  rate  — I . This  means  that  the  crack  extends  to 

dN/retarded 


ai+l 


= a.  + Aa  = a.  + 1 x ) 


(10) 


re  tarded 


Then  the  procedure  is  repeated  for  cycle  i+1.  In  the  event  that  a series  of  cycles 
of  the  same  magnitude  is  applied,  a somewhat  simpler  procedure  can  be  followed.  If 
the  total  crack  growth  caused  by  these  n cycles  of  the  same  magnitude  is  small 


. ( da\ 

a . . = a . + n x l — 

l+n  l VdN/ 


(11) 


retarded 

or  instead,  the  integration  can  be  based  on  the  Simpson  rule,  for  example. 

Several  computer  routines  for  the  integration  of  crack  growth  have  been  de- 
veloped. The  use  of  a particular  routine  is  largely  a matter  of  personal  choice, 
available  facilities,  and  computational  efficiency.  When  properly  programmed, 
the  success  of  a computer  routine  depends  primarily  upon  the  retardation  models 
and  very  little  on  the  integration  scheme. 
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Probably  the  most  versatile  computer  routine  is  CRACKS*.  It  has  options  for 
the  three  models  discussed  previously,  for  many  different  stress-intensity  solu- 
tions, and  for  different  crack-rate  equations.  CRACKS  III  was  used  for  the  crack- 
growth  computations  reported  herein.  In  all  cases,  the  Forman  rate  equation  was 
applied. 

Card  decks  were  prepared  for  all  spectra;  the  integration  followed  exactly 
the  same  cycle  sequence  (and  flight  sequence)  as  applied  during  the  tests.  Com- 
putations for  the  various  cases  required  from  300  to  1200  seconds  of  computer 
time  per  curve  on  a CDC-6400  computer. 

4.2  Comparison  of  Models 

In  the  first  phase  of  this  study,  about  150  crack-growth  curves  were  calcu- 
lated for  the  experiments  with  central  cracks.  The  following  cases  were  con- 
sidered: 

(a)  Linear  (no  retardation) 

(b)  Wheeler  with  various  retardation  exponents 

(c)  Willenborg 

(d)  Closure  model. 

Most  cases  were  done  twice  - once  with  average  crack-growth  data  and  once  with 
upper  bound  data  (see  Table  6).  The  closure  model  was  run  with  upper  bound  data 
only.  A plane-stress  plastic  zone  was  assumed,  but  some  cases  were  run  with  a 
plane-strain  plastic  zone.  Examples  of  the  results  are  presented  in  Figure  12 
for  7075-T73  under  Spectrum  B,  and  in  Figure  13  for  Ti-6A1-V  under  the  basic 
spectrum.  Test  data  are  also  shown  in  these  figures. 

The  following  observations  can  be  made  from  the  results  shown  in  these 
figures  as  well  as  from  results  for  other  spectra: 

• Depending  upon  the  model,  the  baseline  crack-growth  data  and 
the  empirical  constants  used  in  the  retardation  model,  practi- 
cally any  answer  can  be  arrived  at.  A linear  computation  can 
be  just  as  far  off  as  a Wheeler  (m  = 2.2)  or  Willenborg  calcu- 
lation with  average  data. 


* Available  through  AFFDL-FBEC,  Fatigue,  Fracture  and  Reliability  Group. 
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FIGURE  12.  VARIOUS  PROCEDURES  FOR  CRACK- GROWTH  CALCULATION  COMPARED  FOR  7075-T73  SPECTRUM  B 


Test  result  Ti-6AI-4V 
Average  data 
Upper  bound  data 
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FIGURE  13.  VARIOUS  PROCEDURES  FOR  CRACK-GROWTH  CALCULATION  COMPARED  FOR  T1-6A1-4V,  BASIC  SPECTRUM 


• Regardless  of  the  data  used,  and  of  other  assumptions  made,  the 
Willenborg  model  gives  approximately  the  same  results  as  the 
Wheeler  model  with  m = 2.0  to  2.2  for  7075-T73  and  m = 1.6  to 


1.9  for  Ti-6A1-4V. 

• Any  of  the  models  can  give  the  correct  prediction  if  it  is  ad- 
justed properly.  The  Wheeler  model  and  the  closure  model  can 
be  adjusted  by  selecting  the  proper  values  for  the  empirical 
constants.  The  Willenborg  model  cannot  be  adjusted,  but  it 
can  give  the  right  answer  if  the  baseline  data  are  adjusted 
(in  the  present  case,  use  of  the  upper  bound  data  gave  the 
right  answer  for  the  titanium  alloy). 

At  this  point,  it  is  interesting  to  check  whether  disregard  of  the  effect 
of  negative  loads  by  the  Willenborg  and  Wheeler  models  was  of  any  consequence. 
Therefore,  these  models  and  the  closure  model  were  examined  for  the  cases  with 
and  without  GAG  cycles.  Obviously,  the  Wheeler  and  Willenborg  models  predict 
the  same  result  for  both  cases.  However,  the  closure  model  also  gave  predictions 
which  were  so  close  that  the  difference  does  not  show  in  a plot.  This  should  not 
be  surprising  for  the  titanium  alloy  since  the  test  data  show  that  the  GAG 
cycles,  indeed,  had  very  little  effect,  (Figure  14).  However,  the  effect  was 
significant  in  the  case  of  the  aluminum  alloy  (Figure  14). 

The  question  arises  whether  the  observations  listed  above  are  consistent  and 
independent  of  spectrum  type  >r  shape  and  independent  of  design  stress  level.  To 
answer  this  question,  the  ratios  of  calculated  and  experimental  crack-growth 
lives  were  calculated.  (The  crack-growth  life  is  defined  as  the  number  of 
flights  required  to  extend  the  crack  over  a certain  length.)  In  practice,  a 
crack-growth  prediction  will  not  always  cover  the  same  range  of  crack  sizes. 
Therefore,  these  ratios  were  calculated  from  crack  increments  of  0.25  to  0.5 
inch,  0.25  to  1 inch,  0.25  to  1.5  inches,  and  0.25  to  2 inches.  All  center 
crack  cases  were  included  (i.e.,  various  spectra  and  stress  levels).  The  results 
are  compiled  in  Table  8.  (The  last  two  entries  in  Table  8 will  be  discussed  in  a 
later  section. ) 

The  data  show,  indeed,  that  the  computa ti onal  results  are  very  consistent, 
and  that  the  standard  deviation  is  small,  although  somewhat  larger  for  the 
Willenborg  model.  This  indicates  that  consistently  close  predictions  can  be 
made  for  slightly  different  spectrum  types  or  slightly  different  stress  levels, 
once  the  computation  is  adjusted.  Of  course,  this  adjustment  for  constants  and 
crack-growth  data  should  be  based  on  a number  of  spectrum  crack-growth  experiments. 
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FIGURE  14.  EFFECT  OF  GROUND-AIR-GROUND  CYCLES  IN  SPECTRUM  B 
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TABLE  8.  RATIO  OF  PREDICTED  LIFE  OVER  TEST  LIFE 


32  predictions  for  Wheeler  and  Willenborg  cases 
24  predictions  for  closure  cases  in  7075-T73 
16  predictions  for  closure  cases  in  Ti-6A1-4V 


Aluminum 

7075-T73 

Titanium  6A1-4V 

Standard 

Standard 

Data 

Integration 

m 

Mean 

Deviation 

Mean 

Deviation 

Upper  Bound 

Wheeler 

1.4 

0.68 

0.08 

0.62 

0.10 

1.8 

0.92 

0.07 

0.84 

0.09 

2.2 

1.24 

0.12 

1.16 

0.07 

Willenborg 

-- 

1.19 

0.18 

0.95 

0.13 

Closure 

-- 

0.82 

0.07 

0.61 

0.06 

Linear 

-- 

0.24 

0.06 

0.22 

0.07 

(No  retardation) 

Average 

Wheeler 

1.4 

1.02 

0.14 

1.6 

0.97 

0.11 

2.2 

1.88 

0.23 

1.52 

0.13 

Willenborg 

-- 

1.82 

0.29 

1.34 

0.21 

Linear 

-- 

0.33 

0.10 

0.27 

0.09 

(No  retardation) 

Semilinear 

1.4 

1.01 

0.25 

(8  Predictions 
only) 

1.6 

1.04 

0.18 
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Table  8 shows  that  for  7075-T73  the  Willenborg  model  is  equivalent  to  the 
Wheeler  model  with  upper  bound  data  and  with  m **  2.2  (the  mean  values  are  1.19 
and  1.24,  respectively).  For  Ti-6A1-4V,  the  Willenborg  model  is  equivalent  to 
the  Wheeler  model  for  upper  bound  data  with  m <=»  1.8  (the  mean  values  are  0.95 
and  0.84,  respectively). 

However,  the  Wheeler  model  and  the  closure  model  are  preferable  to  the 
Willenborg  model  because  they  can  be  adjusted  to  give  useful  predictions  using 
average  crack-growth  data.  The  inflexibility  of  the  Willenborg  model  requires 
adjustment  by  selecting  arbitrary  crack-growth  data.  Since  the  baseline  crack- 
growth  data  comprise  the  only  undisputable  input  to  the  predictions,  the  use  of 
arbitrary  data  introduces  an  unnecessary  artificiality.  Moreover,  if  predic- 
tions would  have  to  be  made  for  a material  with  slightly  different  properties, 
there  would  be  a problem  in  selecting  the  data.  The  use  of  some  arbitrary  upper 
bound  can  be  the  solution,  but  average  data  can  be  defined  with  less  ambiguity. 

Of  the  two  adjustable  models,  the  Wheeler  model  is  undoubtedly  the  more 
attractive  because  of  its  ultimate  simplicity.  As  will  be  shown  in  a subsequent 
section,  this  simplicity  permits  the  use  of  far  less  complicated  integration 
procedures  for  routine  calculations.  Therefore,  the  Wheeler  model  was  selected 
as  the  vehicle  for  the  second  phase  of  this  program.  (It  will  be  shown  later 
that  this  does  not  affect  the  generality  of  the  conclusions.)  For  this  reason, 
the  Wheeler  computations  made  in  the  first  phase  of  the  program  will  be  con- 
sidered in  more  detail. 

The  ratio  of  predicted  and  experimental  crack-growth  life  is  plotted  as  a 
function  of  the  retardation  exponent  in  Figure  15  for  7075-T73  and  in  Figure  16 
for  T1-6A1-4V.  These  figures  reinforce  the  conclusion  arrived  at  from  Table  8 
that,  with  average  data,  m = 1.4  gives  the  best  fit  for  7075-T73  and  ra  = 1.6  for 
Ti-6A1-4V.  The  generality  of  these  curves  is  still  subject  to  doubt.  Therefore, 
the  same  plots  were  made  for  the  various  spectra  individually  and  some  examples 
are  shown  in  Figure  17. 

It  can  be  concluded  from  Figure  17  that  some  spectra  show  a different  de- 
pendence. This  means  that  the  data  points  for  a particular  spectrum  may  tend  to 
fall  consistently  in  the  lower  (or  upper)  part  of  the  scatter  bands  in  Figures 
15  and  16.  However,  deletion  of  Spectrum  D from  the  population  in  Table  8 re- 
duces the  standard  deviation  for  m = 1.4  (7075-T73)  only  from  0.14  to  0.13. 
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FIGURE  17.  SENSITIVITY  OF  VARIOUS  SPECTRA  TO  WHEELER  EXPONENT 
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It  is  concluded  that  the  values  m = 1.4  and  1.6  for  the  present  spectra  and 
the  present  materials  are  the  most  appropriate.  Obviously,  this  cannot  be  gener- 
alized to  other  spectra  and  other  materials;  but  for  such  cases,  m-values  can  be 
determined  giving  equally  satisfactory  results.  This  point  of  view  will  be  sup- 
ported in  subsequent  sections. 

When  all  Wheeler  predictions  are  considered  for  both  the  aluminum  and  the 
titanium  alloy  at  the  given  values  of  m,  the  distribution  shown  in  Figure  18  is 
obtained.  The  mean  value  is  practically  equal  to  1,  the  standard  deviation  is 
0.13.  These  values  should  be  kept  in  mind  when  judging  the  computed  curves,  pre- 
sented in  the  following  sections,  which  are  all  based  on  m = 1.4  for  7075-T73  and 
m = 1.6  for  Ti-6A1-4V. 

4.3  Goodness  of  Fit 

Before  conclusions  are  drawn  about  the  adequacy  of  crack-growth  predictions, 
the  criteria  of  reliable  predictions  should  be  established.  Is  it  adequate  to 
show  that  a predicted  crack-growth  life  is  close  to  the  test  life?  Or  is  it 
sufficient  to  show  a few  computed  curves  close  to  an  experimental  curve? 

In  practical  cases,  the  crack-growth  increments  for  which  predictions  are 
required  may  vary  greatly.  Sometimes  the  regime  between  0.02  and  0.2  inch  may 
be  of  interest;  in  other  cases,  it  is  the  regime  of  0.2  to  2 inches.  Also,  the 
shape  of  the  crack-growth  curve  varies  largely  due  to  a different  dependence  of 
K on  crack  size  (compare,  for  example,  a center  crack  with  increasing  K to  a 
crack  emanating  from  a loaded  hole  with  decreasing,  then  increasing,  K).  Pre- 
diction of  the  correct  crack-growth  life  would  be  inadequate  if  the  predicted 
curve  of  incremental  growth  to  cracks  of  intermediate  size  differed  greatly  from 
the  experimental  curve. 

Consider  the  predicted  crack-growth  curves  in  Figures  12  and  13.  At  first 
glance,  one  can  take  parts  of  the  predicted  curves,  shift  them  to  the  experimental 
curve,  and  get  a close  correlation.  Does  this  mean  that  calculations  made  for  a 
different  crack-growth  interval,  or  for  a different  initral  crack  size,  would  lead 
to  different  conclusions  as  to  the  applicability  of  the  retardation  models  or  the 
values  of  the  empirical  constants?  A partial  answer  to  this  question  is  given  in 
Table  8 and  Figures  15,  16,  and  18.  The  data  for  four  different  crack-growth 
intervals  indicate  that  the  relative  accuracy  is  independent  of  the  interval.  If 
the  interval  from  0.25  to  0.5  inch  is  predicted  within  10  percent,  then  the 
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FIGURE  18.  HISTOGRAM  OF  RATES  BETWEEN  BEST  WHEELER  PREDICTION 
AND  TEST  RESULT 
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interval  from  0.25  to  2 inches  is  predicted  within  10  percent.  If  the  10  per- 
cent deviation  is  on  the  same  side  in  both  cases,  (then  this  implies  that)  the 
(interval  from  0.5  to  2 inches  is  also  predicted  within  10  percent. 

More  information  can  be  obtained  if  the  various  curves  are  differentiated. 
This  was  done  for  several  cases  and  some  results  are  shown  in  Figure  19  in  terms 
of  the  crack-growth  rate  per  flight,  da/dF.  Since  these  are  the  same  cases  as 
in  Figure  12,  it  can  be  determined  that  the  experimental  data  follow  the  Wheeler 
curve  for  m = 1.4  and  average  data.  The  fact  that  these  curves  are  almost  paral- 
lel on  this  logarithmic  plot  illustrates  that  the  growth  rates  differ  by  a con- 
stant factor,  irrespective  of  crack  size. 

The  above  result  is  not  surprising.  Under  spectrum  loading  without  large 
batches  of  constant-amplitude  cycles,  the  retardation  effect  is  repetitive  and 
approximately  constant.  Thus,  such  loading  will  retard  crack  growth  by  the  same 
factor,  irrespective  of  crack  size  (see  Equations  (4)  through  (7)).  Of  course, 
this  would  not  be  so  for  nearly  constant-amplitude  loading  with  occasional  over- 
loads, nor  for  block  program  loading  with  large  block  sizes.  In  such  cases,  re- 
tardation effects  vary  with  crack  size.  If  a computation  would  be  somewhat  off, 
the  overloads  would  occur  at  a different  crack  size  than  in  the  test  and,  thus, 
would  have  a different  retardation  effect.  With  sufficiently  refined  spectrum 
loading,  the  overloads  occur  often  enough  to  have  a ubiquitous  effect. 

Hence,  it  can  be  concluded  from  this  discussion  and  from  Figure  19  that  the 
relative  accuracy  of  a given  computation  is  independent  of  the  crack-growth 
interval.  This  means  that  the  computed  and  experimental  crack-growth  curves  are 
generally  of  the  same  shape.  If  this  is  not  the  case,  the  K-formulation  used 
for  the  computation  was  erroneous. 

4 . 4 Sensitivity  to  Randomness 


The  arguments  used  in  the  previous  section  also  lead  to  the  conclusion  that 
the  sequence  of  cycles  in  individual  flights  (or  small  blocks  of  flights)  will 
not  greatly  affect  the  result.  This  conclusion  holds  as  long  as  the  total  amount 
of  crack  growth  within  the  block  is  small  compared  to  the  instantaneous  crack 
size.  The  reason  behind  this  conclusion  is  that  retardation  factors  are  deter- 
mined only  by  the  largest  previous  plastic  zone  size.  In  other  words  — if  the 
highest  load  levels  occur  often  enough,  crack  growth  will  be  nearly  independent 
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FIGURE  19.  PREDICTED  CRACK-GROWTH  RATES  WITH  VARIOUS  MODELS  AND 
BASELINE  DATA  FOR  7075-T73  UNDER  SPECTRUM  B 
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of  the  load  sequence.  This  was  shown  experimentally  by  several  investigators. 

(12  ) 

For  example,  Schijve  showed  that  random  loading  gives  essentially  the  same 
result  as  a low-high-low  order  of  loads  within  a flight.  Only  large-block  pro- 
gram loading  gives  results  with  no  bearing  to  service  loading. 

Figure  20  shows  the  sensitivity  of  computational  results  to  block  size. 

This  case  is  the  same  as  the  one  shown  in  Figure  12.  The  curve  labeled  "ordered 
mix"  is  the  original  curve  using  the  exact  test  sequence.  In  order  to  obtain 
the  100  flight  low-high-low  block,  all  load  cycles  for  100  flights  as  given  in 
Table  3 were  combined  into  one  large  100  flight  low-high-low  block.  The  random 
mix  was  obtained  simply  by  shuffling  the  deck  of  punched  cards  with  the  load  in- 
formation. 

Obviously,  use  of  the  100-flight  block  would  still  be  permissible  for  the 
computations.  The  total  crack-growth  life  is  only  5 percent  less  than  for  the 
original  ordered  mix;  this  percentage  is  entirely  within  the  general  accuracy  of 
the  predictions  (standard  deviation,  14  percent).  Crack  growth  in  100  flights 
was  about  5 to  10  percent  of  the  instantaneous  crack  size  throughout  the  larger 
part  of  the  crack-growth  curve,  i.e.,  at  any  given  crack  size  the  next  100 
flights  extended  the  crack  by  about  5 to  10  percent. 

This  conclusion  permits  setting  a bound  to  the  qualitative  statements  made 
above.  Apparently,  it  is  possible  to  obtain  reasonable  results  with  block  sizes 
that  cause  crack  increments  of  the  order  of  5 percent.  This  means  that  similar 
step  sizes  can  be  used  in  the  computations.  It  also  means  that  the  frequency  of 
occurrence  of  the  highest  load  levels  should  be  such  that  they  appear  in  each 
block  of  this  size,  or  during  every  5 percent  increment  in  crack  size. 

4.5  Semilinear  Analysis 

The  simplicity  of  the  Wheeler  model  and  the  discussion  about  relative 
accuracy  and  permissible  block  size  open  possibilities  for  extremely  simplified 
crack-grcwth  computations.  These  can  be  used  for  quick,  rough  assessments  of 
crack-growth  behavior.  If  the  block  size  is  small  enough,  the  instantaneous 
crack  size,  a^,  will  be  approximately  equal  to  a^,  the  crack  size  at  which  the 
overload  occurred.  This  means  that  Equations  (3)  through  (6)  reduce  to 


53 


fii) 

V _1%T 


also, 


thus : 


= (_E±,  (d«) 

VdN/  . . \r  / \dN/ , . 

retarded  po  linear 

K2  no2  a 
max  max 


<*CT 


ys 


at/ 

ys 


/da 

VdN/ 


= l 


retarded 


r 2m 

max, i \ da  , 

v(j  / vdNA  . 

max,o  linear 


(12) 


(13) 


(14) 


If  a block  of  100  flights  is  considered,  then  the  equation  should  be  simplified 
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In  this  equation,  a ..  is  an  effective  stress  descriptive  of  the  spectrum, 

max.eff 

whereas  o is  the  highest  load  occurring  in  100  flights  (or  in  whatever  the 

max,o 

block  size  is). 

It  was  determined  by  trial  and  error  that  a should  be  taken  as  the  rms 
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value  of  all  cycles  in  the  block,  but  the  exponent  should  be  m instead  of  2m.  Then 
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The  procedure  is  to  calculate  crack  growth  over  100  flights  by  a linear 
calculation.  The  number  of  flights  required  for  this  crack  extension  is  deter- 
mined from  Equation  (17).  The  value  of  m should  be  obtained  from  an  actual 
Wheeler  calculation  combined  with  some  experiments. 

Computations  were  made  with  Equation  (12)  for  both  7075-T73  and  T1-6A1-4V 
with  various  values  of  m in  Figure  21.  The  results  are  compared  with  the  actual 
Wheeler  calculations  for  the  same  cases.  As  in  the  foregoing,  four  different 
crack  increments  were  considered.  In  most  cases,  the  Wheeler  result  was  almost 
exactly  reproduced. 
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Figure  22  and  Table  8 show  a comparison  of  these  semilinear  computations 
with  test  results.  The  actual  Wheeler  calculations  are  also  included.  Only  the 
cases  of  m = 1.4  for  7075-T73  and  of  m = 1.6  for  Ti-6A1-4V  are  considered.  It 
turns  out  that  the  semilinear  calculations  are  generally  within  30  percent  of 
the  test  life,  with  two  exceptions.  The  Wheeler  results  are  generally  within  20 
percent  of  the  test  life,  with  one  exception. 

If  the  linear  summation  is  not  made  complex  by  the  use  of  numerical  integra- 
tion procedures,  the  ^ in  Equation  (12)  can  easily  be  calculated  on  the 

basis  of  a Forman  equation  with  a programmable  pocket  calculator.  With  steps  of 
100  flights,  a computation  of  a curve  requires  15  minutes.  Since  full  blown 
integration  programs  involve  large  expenditures  for  computer  time,  this  simple 
procedure  is  very  attractive  for  quick  routine  assessments  of  crack  growth.  This 
semilinear  computation  was  used  for  some  of  the  analyses  discussed  in  subsequent 
sections . 


5.  SPECTRUM  EFFECTS 


5. 1 Spectrum  Approximation 

As  pointed  out  in  Section  2,  the  basic  spectrum  is  identical  to  Spectrum  A 
(Figure  1).  However,  the  basic  spectrum  stress  history  contained  many  more  load 
levels  than  the  approximation  of  Spectrum  A (consisting  of  17  levels),  but  the 
latter's  stress  history  was  more  refined.  Other  versions  of  Spectrum  A were 
also  considered  namely,  a coarse  approximation  by  11  levels,  and  a truncated 
version  (Figures  2 and  3).  Test  results  and  computed  crack-growth  curves  com- 
paring these  spectra  are  presented  in  Figure  23  for  7075-T73  and  in  Figure  24 
for  T1-6A1-4V. 

The  results  confirm  the  reasoning  in  the  previous  section.  Since  Spectrum 
A is  almost  identical  to  the  basic  spectrum,  the  computed  results  are  very  simi- 
lar. (Attention  is  called  to  the  relatively  small  scatter  in  the  data  for  the 
basic  spectrum.)  The  coarse  approximation  of  Spectrum  A gives  somewhat  faster 
growth  rates. 

As  might  be  expected  after  the  adjustment  of  the  model,  the  calculated 
curves  follow  the  test  data  very  closely.  The  fine  version  of  Spectrum  A,  its 
truncated  version,  and  the  basic  spectrum  give  nearly  identical  results,  indi- 
cating that  the  introduction  of  the  lower  load  levels  did  not  change  the  life 


Basic  spectrum 


60 


FIGURE  24.  COMPARISON  OF  WHEELER  CALCULATION  WITH  TEST  RESULTS  FOR  THE  BASIC  SPECTRUM 
AND  VARIOUS  VERSIONS  OF  SPECTRUM  A IN  TI-6A1-4V 


(as  expressed  In  flight  hours).  Apparently,  the  retardation  behavior  is  somewhat 
affected  by  the  coarse  approximation  of  the  spectrum.  This  is  reflected  both  in 
the  test  data  and  the  calculated  curves.  Even  so,  the  difference  is  only  in  the 
order  of  20  percent  — well  within  the  limits  of  accuracy  one  would  expect  for 
crack-growth  information. 

Figure  25  shows  the  semilinear  analysis  for  the  same  cases  as  in  Figure  23; 
it  demonstrates  the  usefulness  of  this  simple  computational  scheme  for  quick, 
routine  calculations. 

For  comparison,  the  curve  for  truncated  Spectrum  A was  also  calculated  on 
the  basis  of  the  saltwater  spray  data  (Table  6).  There  appears  to  be  a reduc- 
tion of  over  50  percent  in  crack-growth  life  (Figure  23).  Even  if  an  environ- 
mental factor  were  encountered  in  service,  it  would  presumably  be  somewhat  less 
influential  than  saltwater  spray.  Thus,  crack  growth  in  service  would  be  some- 
where between  the  curves  for  saltwater  and  air  — another  indication  that  the 
coarse  approximation  of  Spectrum  A may  be  useful  in  many  applications. 

The  question  then  arises  as  to  how  many  load  levels  should  be  selected  for 
a staircase  approximation  of  a spectrum.  In  this  respect,  it  should  be  pointed 
out  that  the  positive  levels  are  the  most  important.  Therefore,  the  discussion 
will  concern  only  the  positive  levels. 

The  fine  approximation  of  Spectrum  A had  12  positive  levels,  two  of  which 
seem  superfluous  when  compared  with  the  truncated  spectrum.  The  coarse  version 
had  7 positive  levels.  The  results  of  the  three  versions  of  Spectrum  A were 
within  20  percent  of  each  other  (tests  and  calculations),  but  which  of  these 
versions  is  most  accurate,  cannot  be  determined.  The  fine  version  agreed  most 
closely  with  the  basic  spectrum  data;  however,  there  is  no  certainty  that  the 
basic  spectrum  is  an  accurate  representation  of  service  loading. 

Some  data  are  available^^  on  the  effect  of  the  number  of  load  levels  in 
a gust  spectrum.  This  spectrum  was  approximated  by  4,  5,  7,  and  13  positive 
levels.  Calculated  crack-growth  lives  were  11,000,  37,000,  32,000,  and  35,000, 
respectively.  Apparently,  the  four-level  approximation  was  too  coarse,  but  the 
other  cases  gave  nearly  identical  results. 

This  leads  to  the  conclusion  that  approximations  by  approximately  10  levels 
are  adequate  for  prediction  purposes.  The  discussion  in  Section  7 will  elaborate 
further  on  this  conclusion. 
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FIGURE  25.  COMPARISON  OF  BASIC  SPECTRUM  WITH  SPECTRUM  A ON  THE  BASIS  OF  SEMILINEAR  ANALYSIS 


5.2  Spectrum  Shape  and  Severity 


The  effects  of  spectrum  shape  and  severity  are  demonstrated  in  Figures  26 
and  27  for  7075-T73.  The  results  for  Ti-6A1-4V  showed  the  same  trends  and  are 
included  in  the  statistics  discussed  in  the  previous  sections. 

An  attempt  to  explain  the  different  behaviors  is  considered  a fruitless 
exercise.  A comparison  of  computed  and  experimental  results  shows  the  remark- 
able accuracy  by  which  the  calculations  reproduce  the  test  data  when  the  models 
are  properly  adjusted.  As  can  be  seen  from  Figures  21  and  22,  this  conclusion 
also  holds  for  the  semilinear  analysis. 

In  addition,  crack-growth  curves  were  calculated  for  the  gust  spectrum  data 

C 12  3 

for  7075-T6  and  2024-T3  as  reported  by  Schijve  . The  Wheeler  model  was  used 
with  a retardation  exponent  of  m = 1.4.  The  Willenborg  model  was  also  applied. 
The  results  are  shown  in  Figure  28.  'The  calculated  curves  are  in  reasonable 
agreement  with  test  data  for  2024-T3,  but  a poor  correlation  for  7075-T6.  How- 
ever, it  should  be  noted  that  the  test  data  for  7075-T6  seem  to  be  anomalous. 
Apparently,  it  is  necessary  to  readjust  the  models  for  such  a different  spectrum 
and  different  materials.  (Note  that  in  this  case,  the  Willenborg  model  corre- 
sponds with  Wheeler  using  m =»  1.5  for  2024-T3. ) 

It  is  therefore  concluded  that  the  proposed  computational  model,  adjusted 
on  an  experimental  basis,  can  predict  a wide  range  of  variations  in  crack  growth 
when  slight  changes  are  made  in  the  spectrum,  even  if  these  would  cause  large 
changes  in  crack-growth  behavior. 

5 . 3 Effect  of  Design  Stress 

The  stress  levels  associated  with  the  various  levels  of  the  staircase  ap- 
proximation of  the  spectra  were  expressed  as  a fraction  of  the  stress  at  limit 
load  (Tables  1 through  5,  Figures  1 through  4).  In  most  of  the  experiments,  the 
stress  at  limit  load  was  33.6  ksi  for  7075-T73  and  65  ksi  for  T1-6A1-4V.  The 
effect  on  crack  propagation  of  various  design  stress  levels  (stress  at  limit 
load)  was  studied  on  the  basis  of  Spectrum  B.  Changes  in  stress  at  limit  load 
are  reflected  in  proportional  variations  in  all  the  stress  levels  of  the  stair- 
case approximation.  Such  variations  would  be  associated  with  different  loca- 
tions in  a wing  and,  of  course,  with  a change  in  design  allowables. 
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FIGURE  28.  CRACK-GROWTH  PREDICTIONS  FOR  THE  CASE  OF  A GUST  SPECTRUM 
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The  experimental  data  and  computational  results  are  presented  in  Figure  29 
for  Ti-6A1-4V  and  in  Figure  30  for  7075-T73.  Again,  the  computations  yielded  a 
reasonably  close  reproduction  of  the  test  data.  The  results  for  7075-T73  appear 
to  be  less  than  ideal;  however,  it  can  be  seen  that  the  results  are  acceptable 
when  the  crack-growth  life  is  plotted  as  a function  of  design  stress  (Figures  31, 
and  32). 

The  computational  data  constitute  a smooth  curve  in  Figures  31  and  32.  For 
physical  reasons,  one  would  expect  the  test  data  to  fall  on  a smooth  curve  as 
well.  This  is  indeed  the  case  for  Ti-6A1-4V  (Figure  31),  but  is  not  true  for 
7075-T73  (Figure  32).  Thus,  the  discrepancies  between  the  computed  and  the  ex- 
perimental data  may  be  caused  by  the  erratic  behavior  of  the  material,  rather 
than  by  the  computation. 

This  result  emphasizes  the  scatter  in  material  behavior.  Since  the  compu- 
tational schemes  do  not  take  scatter  into  account,  the  calculations  are  not 
necessarily  deficient  if  the  experimental  data  are  not  always  exactly  reproduced. 
The  apparent  inaccuracy  of  a calculated  crack-growth  curve  is  largely  due  to 
variability  in  material  behavior. 

Included  in  Figures  31  and  32  are  the  results  obtained  with  the  Willenborg 
model  and  with  other  values  of  m in  the  Wheeler  model,  both  for  average  and 
upper  bound  data.  These  curves  give  some  indication  of  the  effect  to  be  ex- 
pected from  variations  in  material  properties,  since  they  could  be  visualized 
as  the  result  of  changing  material  properties. 

Finally,  Figure  32  also  presents  a curve  for  the  basic  spectrum.  This 
curve  was  computed  with  the  semilinear  model.  There  is  only  one  experimental 
data  point,  since  33.6  ksi  was  the  only  limit-load  stress  level  covered  by  the 
experiments  with  the  basic  spectra.  Therefore,  a Wheeler  curve  was  calculated 
*or  a stress  level  of  37  ksi;  represented  by  the  data  point  at  the  top  of  the 
curve.  This  result  illustrates  that  semilinear  analysis  can  be  particularly 
useful  for  a quick  assessment  in  the  early  design  stage  when  sophisticated 
calculations  are  not  really  necessary  in  view  of  the  many  unknowns. 

6.  GENERALIZATION 

Accurate  prediction  of  crack  growth  in  center-cracked  pane’s  does  not  auto- 
matically ensure  reliable  predictions  of  crack  growth  in  complex  structural 
geometries.  Proof  is  required  that  the  computational  schemes  can  be  generalized. 
Therefore,  a few  cases  of  structural  cracks  were  considered  in  this  program. 
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FIGURE  29.  CRACK  PROPAGATION  AS  AFFECTED  BY  DESIGN  STRESS  LEVEL  IN  Ti-6A1-4V 


Test  data  7075-T73  Al,  Spectrum 


FIGURE  30.  CRACK  PROPAGATION  AS  AFFECTED  BY  DESIGN  STRESS  LEVEL  IN  7075-T73 


Stress,  ksi 
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The  most  common  case  of  a structural  crack  is  a crack  at  a hoje.  Two 
experiments  were  performed  on  7075-T73  specimens  0.5-inch  thick.  me  specimen 
contained  two  holes  of  0.2-inch  diameter,  each  hole  having  a through-the- 
thickness  crack  at  one  side.  The  second  specimen  contained  two  holes  of  0.5- 
inch  diameter,  each  with  a single  corner  crack.  The  basic  spectrum  was  applied, 
but  computations  were  based  on  Spectrum  A,  since  it  was  shown  adequate  for 
previous  cases. 

Test  data  and  computed  crack-growth  curves  are  shown  in  Figure  33.  The 
curves  result  from  semilinear  analysis  with  the  Bowie  solution  for  a crack  at 
a hole.  Table  6 gives  information  on  the  baseline  data  used.  The  test  data 
and  the  calculations  appear  to  reflect  the  difference  in  K-history  both  between 
these  and  previous  specimens. 

The  second  case  considered  was  a crack  under  a stringer  reinforcement 
(Specimen  Type  c in  Figure  6) . The  tests  were  performed  at  a limit  load  stress 
of  28.8  ksi.  An  attempt  was  made  to  derive  the  load  transfer  (skin  to  stringer) 
by  strain  gauge  measurements  on  the  stringers.  For  this  purpose,  14  strain  gauges 
were  mounted  on  the  stringers,  one  between  each  pair  of  fasteners.  Unfortunately, 
the  stringer  contained  such  high  bending  stresses  that  the  amount  of  load  trans- 
fer could  not  be  satisfactorily  established.  Nevertheless,  the  results  were 
used  to  estimate  the  fastener  loads  and  the  reduction  factor  to  the  stress  in- 
tensity caused  by  the  fastener  loads.  This  reduction  factor  was  used  in  the 
crack-growth  computations. 

The  calculated  crack-growth  curves  and  the  experimental  data  are  shown  in 
Figure  34.  The  insert  on  Figure  34  shows  the  stress-intensity-reduction  factor, 

8,  as  a function  of  crack  size.  The  dashed  curve  shows  what  effect  this  reduc- 
tion had  on  the  calculated  crack-growth  life. 

Since  the  four  experimental  curves  are  so  close,  the  predicted  curves  are 
clearly  outside  the  regime  of  experimental  scatter.  This  conclusion  does  not 
necessarily  mean  that  the  computational  scheme  cannot  cover  this  case  of 
structural  scatter;  it  more  likely  means  that  the  stress-intensity  formulation 
is  unreliable.  Thus,  the  computed  crack-growth  curve  is  not  the  best  possible 
prediction  for  this  situation.  Such  a prediction  would  require  a formal  stress- 


intensity  analysis  of  the  stiffened  panel  with  one  of  the  available 
procedures (2, 8 ,10) . 
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Test  data  7075 -T  7 3 

■ a Specimen  20  Semi-linear,  m=l.4, 

• o Specimen  21  Spectrum  A,  truncated 


FIGURE  34.  CRACK  GROWTH  IN  STIFFENED  PANELS 


Therefore,  on  the  basis  of  Figure  33,  it  is  reasonable  to  conclude  that  a 
computational  scheme  can  be  developed  for  crack-growth  prediction  in  all  cases 
of  structural  cracking.  Further,  systematic  analysis  is  recommended  to  prove 
the  generality  of  the  procedure.  However,  it  is  emphasized  that  even  a perfect 
computational  scheme  cannot  give  reliable  prediction  if  the  stress- intensity 
formulations  are  inadequate.  (Crack-growth  rates  depend  on  K to  the  3rd  or  4th 
power . ) 

7.  THE  ACCURACY  OF  CRACK-GROWTH  PREDICTIONS 

7 . 1 Scope 

The  purpose  of  this  research  program  was  to  establish  how  and  where  to 
apply  safety  factors  to  crack-growth  predictions.  No  attempt  will  be  made  to 
suggest  the  magnitude  of  such  safety  factors,  since  that  is  the  responsibility 
of  aircraft  safety  authorities.  However,  the  results  of  this  study  do  provide 
guidelines  for  determining  safety  factors. 

The  question  of  how  and  where  to  apply  the  safety  factor  will  be  addressed 
in  Section  8 of  this  report.  In  order  to  deal  with  that  problem,  the  accuracy 
of  crack-growth  predictions  must  be  reviewed.  The  accuracy  of  predictions 
should  not  be  judged  on  the  basis  of  integration  models  alone  since  the  reli- 
ability of  prediction  depends  on  four  factors: 

(1)  Integration  models  and  computational  schemes 

(2)  Material  behavior 

(3)  Stress-intensity  factors 

(4)  Spectrum  generation. 

Since  the  first  three  items  are  closely  related,  they  will  be  discussed 
as  a group  in  Section  7.2.  The  last  item  will  be  discussed  in  Section  7.3.  A 
summary  of  the  discussion  will  be  presented  in  Section  7.4. 

7.2  Cracks 

Using  a well-adjusted  crack-growth  model,  experimental  data  can  be  pre- 
dicted within  about  20  percent,  regardless  of  material  and  spectrum.  Other 
crack-growth  models  can  probably  be  used  also,  since  there  appears  to  be  a 


constant  factor  between  the  rate  predictions,  independent  of  crack  size 
(Figure  19) . 

Clearly,  the  discrepancies  reflect  both  the  inaccuracies  in  the  computa- 
tional model  as  well  as  the  variations  in  material  behavior.  The  scatter 
around  the  average  baseline  data  is  obvious  from  Figure  9.  The  variations  in 
growth  under  spectrum  loading  (as  particularly  shown  in  Figures  23  and  32 
are  most  likely  caused  by  these  same  material  variations.  However,  the  test 
data  were  considered  unique  when  the  accuracy  of  the  computed  curves  was 
examined.  Thus,  the  variations  in  material  behavior  are  included  in  the 
percent  of  deviation. 

Generally  speaking,  the  actual  life  will  still  be  within  20  percent  of  the 
life  predicted  by  a well-adjusted  model,  regardless  of  the  size  of  the  crack- 
growth  increment.  For  a statistical  treatment,  the  values  of  the  standard 
deviation  in  Table  6 can  be  used.  It  would  be  a useful  endeavor  to  bound  the 
predicted  lives  from  baseline  data  for  various  levels  of  probability  in  order 
to  obtain  more  rigorous  figures.  However,  20  percent  is  adequate  for  the 
present  discussion. 

Modern  stress  analyses  with  either  analytical  or  finite-element  techniques 
provide  very  accurate  stress-intensity  factors.  Although  the  accuracy  may  not 
be  equally  high  at  all  crack  sizes,  it  seems  safe  to  assume  that  the  calculated 
stress  intensity  will  be  within  10  percent.  Though  this  percentage  can  never 
be  fully  verified,  figures  quoted  in  the  literature  for  simple  cases  are  often 
as  low  as  2 or  3 percent.  Nevertheless,  a detailed  substantiation  for  more 
complex  cases  is  recommended. 

Assuming  an  average  third-power  dependence  on  K,  the  inaccuracies  in  the 
stress-intensity  factor  may  cause  deviations  of  (1.1) 3 = 1.33  in  the  computed 
crack-growth  curves.  If  the  anomalies  due  to  the  computational  scheme  and  to 
material  behavior  (20  percent)  would  be  of  the  same  sign  as  those  due  to  in- 
accuracies in  K,  the  total  deviation  could  be  1.2  x 1.33  = 1.66.  Thus,  the 
actual  crack-growth  life  would  be  between  0.60  and  1.7  times  the  predicted  life, 
regardless  of  material,  spectrum,  and  crack-growth  increment.  In  most  cases, 
the  prediction  will  be  closer. 

Naturally,  these  figures  are  approximate.  A rigorous  statistical  analysis 
would  be  required  to  determine  these  bounds  more  precisely.  However,  these 
approximate  numbers  provide  some  insight  to  the  adequacy  of  crack-growth 
predictions . 
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7 . 3 Spectra 

Establishing  a spectrum  for  a new  airplane  is  a difficult  task,  involving 
much  guesswork.  Yet  the  spectrum  shape  is  of  paramount  importance:  a slight 
deviation  in  spectrum  shape  can  easily  cause  a difference  of  a factor  of  2 in 
crack-growth  life,  as  can  be  seen  in  Figures  26  and  27. 

The  conversion  of  the  load  spectrum  into  a stress  spectrum  is  also  very 
critical.  An  inaccuracy  in  the  estimated  stress  level  at  a given  location  can 
easily  yield  a difference  of  50  percent  in  crack-growth  life,  as  shown  in 
Figures  30  and  31.  (A  third-power  dependence  on  K would  yield  a 70  percent 
deviation;  however,  this  disregards  retardation  effects.) 

Thus,  crack-growth  predictions  in  the  design  stage  could  be  a factor  of 
2.0  x 1.5  = 3 in  error,  due  to  inaccuracies  in  the  stress  spectrum.  This  proves 
the  significance  of  in-flight  measurement  of  the  stress  spectrum  (rather  than 
the  load  spectrum)  as  soon  as  test  flying  commences.  It  is  reassuring  that  all 
crack-growth  calculations  can  be  repeated  with  the  actual  flight  spectrum,  and 
do  not  require  additional  tests.  Hence,  crack-growth  information  can  be  updat- 
ed reliably  both  during  test  flying  and  later  when  service  load  information 
becomes  available. 

Only  minor  significance  should  be  attached  to  the  stress  history  (sequence) 
within  one  spectrum.  It  was  shown  that  the  Basic  Spectrum  and  Spectrum  A 
(actually  two  different  stress  histories  with  the  same  spectrum)  produced  the 
same  crack-growth  behavior.  It  was  also  shown  that  a spectrum  can  be  represen- 
ted with  about  10  positive  stress  levels.  Therefore,  it  seems  more  practical 
for  computing  and  testing  efficiency  to  select  a spectrum  approximation  and 
load  sequence  as  used  here  for  Spectra  A through  D.  Moreover,  the  flight-by- 
flight type  of  loading  is  more  realistic,  and  is  not  overly  sophisticated. 

Block  sizes  of  100  flights  seem  to  be  adequate. 

The  problem  of  the  clipping  level  still  needs  to  be  addressed.  Clipping 
is  the  reduction  of  the  highest  load  level(s)  to  the  next  highest.  For  example, 
in  Table  1,  clipping  level  1 means  that  level  2 would  occur  3 times  instead  of 

2 times;  no  cycles  would  be  omitted.  Clipping  levels  1 and  2 means  that  level 

3 would  occur  10  times  instead  of  7 times,  but  levels  1 and  2 would  not  occur. 

The  effect  of  clipping  on  crack  growth  is  demonstrated  by  Figure  35.  These 
are  computational  results^*^  for  four  completely  different  spectra,  and  test 
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Spectrum 

Linear  Analysis 
(Flights) 

a Willenborg 
a Wheeler,  2.3 
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^ ▼ Willenborg 
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C-transport 

1270 
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Gust  spectrum  test 
data  by  Schijve 


Flights  for  Crack  Growth  to  2 in 

FIGURE  35.  EFFECT  OF  CLIPPING  FOR  VARIOUS  SPECTRA 


(12) 

data  for  a gust  spectrum.  They  show  that  the  suggested  clipping  of  the  top 

levels  of  Spectrum  A (1.04  and  0.92)  could  cause  a reduction  of  almost  50  per- 
cent in  crack-growth  life  (see  fighter  spectrum  in  Figure  35) . 

The  argument  is  often  heard  that  clipping  is  unrealistic  and  that  all  load 
levels  should  be  included  that  actually  occur  in  service.  The  latter  part  of 
this  argument  is  crucial;  if  they  indeed  occur,  they  should  be  included.  How- 
ever, whether  they  will  occur  is  questionable.  The  spectrum  is  only  a conjec- 
ture or,  at  best,  an  interpretation  of  measured  data.  Slight  inaccuracies  of 
the  spectrum  are  unimportant  in  the  lower  part,  but  are  very  significant  in  the 
upper  part.  The  high  load  that  is  anticipated  once  in  an  aircraft  life  may  or 
may  not  occur.  The  load  expected  to  occur  10  times  per  aircraft  life  may  be 
experienced  20  times  by  one  aircraft  and  never  by  another.  A pilot  flying 
Mission  la  of  Spectrum  A may  pull  7 g;  he  may  also  leave  it  at  6.5  g. 

Clipping  of  the  spectrum  should  be  a factor  for  serious  consideration  in 
assessing  the  usefulness  of  crack-growth  predictions.  It  is  not  difficult  to 
show  adequate  life  if  high  enough  loads  are  included.  Sensitivity  studies  of 
the  type  illustrated  in  Figure  35  should  complement  crack-growth  predictions, 
so  that  possible  deviations  from  the  average  can  be  evaluated.  Semilinear 
analysis  is  a useful  vehicle  for  such  studies. 

7 . 4 Summary 

It  was  shown  in  the  previous  sections  that  the  prediction  of  crack-growth 
per  se  can  be  expected  to  be  within  a deviation  factor  of  1.6.  In  the  design 
stage,  inaccuracies  in  the  spectrum  can  cause  discrepancies  of  at  least  the 
same  magnitude  and  probably  more.  Thus,  the  actual  crack-growth  life  in  ser- 
vice can  be  anywhere  from  0.4  to  2.5  times  the  predicted  life  in  the  design 
stage.  (The  numbers  quoted  give  the  order  of  magnitude  only.)  In  the  later 
stages,  when  accurate  stress  spectrum  data  have  been  collected  from  flight 
measurements,  the  crack-growth  predictions  can  be  updated.  The  actual  crack- 
growth  lives  in  service  are  expected  to  be  within  approximately  0.6  and  1.6 
times  the  new  predictions.  Clipping  sensitivity  should  then  indicate  whether 
more  extreme  deviations  are  likely. 
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Safety  factors  are  required  in  a damage- tolerance  analysis  to  account  for 
possible  variability  due  to  unknowns,  as  discussed  in  the  previous  sections. 

A decision  has  to  be  made  not  only  on  the  magnitude  of  these  safety  factors  but 
also  on  how  and  when  they  should  be  applied.  Various  possibilities  exist: 

(a)  Safety  factor  on  fatigue  stresses 

(b)  Safety  factor  on  baseline  data 

(c)  Safety  factor  on  initial  crack  size 

(d)  Safety  factor  on  fail-safe  load 

(e)  Safety  factor  on  final  life 

(f)  Combinations  of  the  above. 

These  possibilities  will  be  discussed  in  the  following  paragraphs.  The  main 
criteria  for  judgment  will  be  the  relation  with  actual  crack  growth,  the  gener- 
ality, and  margin  of  safety. 

A safety  factor  on  fatigue  stresses  is  very  unattractive  because  of  the 
complex  nature  of  fatigue  and  fatigue-crack  growth.  Calculated  crack-growth 
rates  would  have  no  straightforward  relation  with  actual  crack  growth,  and  the 
calculated  and  actual  retardation  effects  would  be  different.  Thus,  the  margin 
of  safety  would  be  a variable,  dependent  upon  geometry  and  spectrum. 

A safety  factor  on  baseline  data  would  have  similar  drawbacks.  In  the 
simplest  case,  a constant  factor,  e.g.,  of  2,  would  be  taken,  independent  of 
crack  size.  This  means  that  a crack  of  a given  size  would  grow  twice  as  fast 
in  the  calculation  than  in  reality.  Since  the  plastic  zone  size  at  this  crack 
length  would  not  change,  retardation  would  be  effective  over  approximately  half 
the  number  of  cycles.  This  implies  that  retardation  of  a given  cycle  would 
also  be  wrong,  so  that  it  would  be  unclear  how  much  retardation  had  changed 
exactly.  Stresses  of  a given  magnitude  would  also  occur  at  different  crack 
sizes  than  in  actuality,  i.e.,  at  a different  K-level.  Thus,  their  associated 
rovth  rate  would  not  simply  be  increased  by  a factor  of  2,  but  the  increase 
•*  i impend  on  the  entire  previous  history.  As  a consequence,  the  margin  of 
ary  for  different  stress  histories.  The  margin  of  safety  would 
« ....  or  i-i  with  different  K-crack  length  relations  (e.g.,  a central 


•i  t versus  a crack  at  a loaded  hole  with  decreasing,  then 

• I). 


t 
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The  situation  would  become  even  more  complex  if  the  factor  on  growth  rate 
would  change  with  different  crack  sizes.  This  would  occur  if  upper  bound  data 
were  taken  instead  of  average  data.  The  margin  of  safety  would  again  depend 
upon  history,  crack  geometry,  and  structural  configuration.  Moreover,  it  is 
difficult  to  give  an  unambiguous  definition  of  upper  bound  data,  as  discussed 
in  the  following  paragraphs. 

In  the  plot  of  the  da/dN  - AX.  diagram  of  one  constant  amplitude  test,  a 
few  outlying  data  points  will  be  found.  These  may  have  been  caused  by  erron- 
eous measurements,  but  may  also  be  real  if  the  crack  showed  a somewhat  faster 
growth  locally.  The  data  sets  for  the  next  tests  will  give  a few  more  outlying 
points;  thus  causing  the  scatterband  in  the  da/dN  - AK  plot. 

Suppose  the  scatterband  covers  a factor  of  2 in  growth  rate.  This  means 
that  in  each  experiment  there  were  a few  anomalous  places  where  crack  growth 
was  twice  as  fast  as  normal.  These  anomalies  cannot  be  found  in  the  total 
crack  growth  life  (experience  shows  that  the  scatter  in  crack-growth  life  is 
far  less  than  a factor  of  2) . Thus,  using  the  scatterband  to  determine  upper 
bound  data  is  tacitly  assuming  anomalous  behavior  throughout  the  crack-growth 
life. 

A last  possibility  would  be  to  take  a safety  factor  on  used  in  the 
Forman  equation.  This  would  affect  the  high  growth  rate  region  more  than  the 
low  growth  rate  region  (see  Figure  36) . Therefore,  this  practice  would  have 
the  same  shortcomings  as  discussed  previously:  It  would  result  in  a margin  of 
safety  depending  upon  crack  configurations,  growth  increment,  and  stress 
history. 

A safety  factor  on  initial  crack  size  seems  an  attractive  possibility  and 
needs  to  be  explored.  Figure  37  shows  computed  crack  propagation  curves  for 
Spectrum  A for  various  crack  configurations  in  plates  of  different  thicknesses. 
The  curves  were  started  at  a 0.02-inch  initial  flaw.  For  reasons  of  safety, 
one  might  want  to  increase  the  initial  crack  size  from  0.02  to  0.05  inch.  Then 
the  curves  would  start  at  0.05  inch.  How  would  this  affect  the  margin  of  safety? 

Let  the  margin  of  safety  be  defined  as 


MS  = 


05 


1 


where  Nq21s  the  crack  growth  life  of  a 0.02  inch  initial  flaw  to  failure  and 
NQ5  is  the  growth  life  of  a 0.05  inch  initial  flaw  to  failure.  The  ratios 
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FIGURE  36.  EFFECT  OF  Kc  ON  PREDICTED  CRACK-GROWTH  LIFE  CALCULATED  j 

BY  SEMILINEAR  ANALYSIS  USING  FORMAN  EQUATION 
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FIGURE  37.  CRACK  GROWTH  FROM  .02  AND  .05  INCH  INITIAL  FLAW  SIZES  FOR  VARIOUS 
CONFIGURATIONS,  CALCULATED  WITH  SEMILINEAR  ANALYSIS  (SPECTRUM  A) 


^02^05  were  derived  from  Figure  37  and  are  plotted  in  Figure  38.  It  appears 
that  the  margin  of  safety  would  vary  all  the  way  from  1.25  for  a surface  flaw 
in  0.125  inch  plate  to  0.1  for  a corner  crack  at  0.5-inch  diameter  nole  in  1- 
inch  plate.  These  varying  margins  of  safety  result  from  different  flaw  geo- 
metries having  a different  K-crack  size  dependence,  which  in  turn  yield 
different  initial  growth  rates  (Figure  37) . 

It  follows  that  taking  a safety  factor  on  initial  crack  size  results  in 
different  margins  of  safety  for  different  crack  cases,  with  a lower  margin  for 
more  dangerous  cracks.  An  arbitrary  increase  of  the  initial  crack  size  for 
particular  structural  configurations  results  in  unknown  margins  of  safety  which 
may  be  as  low  as  0.1.  By  the  same  token,  a fixed  initial  flaw  size  does  not 
always  result  in  the  same  margin  of  safety  either.  Therefore,  the  application 
of  a safety  factor  to  initial  crack  size  should  be  rejected. 

Setting  a safety  factor  for  the  fail-safe  load  only  affects  the  critical 
crack  size  at  failure.  Since  all  crack-growth  curves  turn  sharply  upward  when 
approaching  failure,  the  total  crack-growth  life  is  only  slightly  affected  by 
a different  fail-safe  load.  Thus,  the  margin  of  safety  will  be  only  slightly 
affected.  The  safety  factor  on  fail-safe  load  is  of  no  great  consequence  to 
total  crack-growth  life.  It  will  be  necessary  from  the  point  of  view  of  resi- 
dual strength. 

The  only  remaining  possibility  is  a safety  factor  on  crack-growth  life. 
Obviously,  it  is  the  most  straightforward  and  most  general  possibility.  A 
safety  factor  on  life  will  always  give  the  same  margin  of  safety  for  life 
expectancy,  independent  of  structural  configuration,  crack  geometry,  and  spec- 
trum. When  combined  with  a safety  factor  on  residual  strength,  it  would  give 
approximately  the  same  margin  of  safety  through  all  phases  of  life. 

Another  advantage  of  this  safety  factor  would  be  the  ease  of  application. 
Average  crack-growth  data  — the  least  ambiguous  — could  be  used.  Best  esti- 
mates of  stresses  and  stress- intensity  factors  could  be  made.  This  report 
shows  that  crack-growth  lives  can  be  calculated  reliably  on  this  basis.  (Test 
results  illustrate  the  reliability  of  this  procedure.)  The  safety  factor  on 
life  would  be  applied  at  the  end  of  the  procedure  by  dividing  the  life  at  all 
crack  sizes  by  the  same  factor;  this  would  constitute  the  "safe"  crack-growth 
curve.  The  "safety"  would  be  quantifiable. 


L. 
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FIGURE  38.  RATIO  OF  CRACK  GROWTH  LIVES  FROM  .02  and  .OS  INCH  INITIAL  FLAWS 
TO  FAILURE  FOR  VARIOUS  CONFIGURATIONS  AS  A FUNCTION  OF  THICKNESS 
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The  possible  application  of  this  concept  will  be  briefly  considered.  The 
critical  location(s)  of  each  component  would  be  determined  and  the  component 
considered  cracked.  The  critical  crack  size  for  failure  would  be  determined. 
Then,  a crack-growth  curve  would  be  calculated  from  an  arbitrary  small  crack 
size  to  failure. 

The  safety  factor  on  life  is  designated  j,  and  the  required  service  life, 
L.  Thus  the  required  crack-growth  life  would  be  jL.  The  crack-growth  curve 
would  be  taken  from  failure  to  jL,  and  would  show  the  permissible  initial  crack 
size.  Quality  control  should  ensure  that  initial  crack  sizes  are  smaller  than 
the  permissible  initial  crack  size.  For  an  inspectable  structure,  the  required 
inspection  period  is  S;  thus  the  required  life  would  be  jS.  The  crack-growth 
curve  would  provide  the  crack  size  at  which  a life  jS  to  failure  remains.  It 
should  then  be  shown  that  this  crack  size  is  indeed  detectable.  If  the  require' 
ments  would  not  be  met,  a redesign  would  be  necessary. 

The  above  procedure  is  presented  only  as  a possibility.  Admittedly,  there 
still  are  difficulties  in  its  application  mainly  in  quality  control.  If  the 
initial  damage  were  not  a crack  but  a sharp  defect,  it  would  be  necessary  to 
establish  equivalent  crack  sizes  for  various  types  of  defects.  Furthermore, 
small  defects  may  not  always  be  detected  during  quality  control  (or  cracks  de- 
tected during  inspections) . In  addition,  there  will  be  statistical  variation 
in  the  sizes  of  detected  defects.  Consequently,  the  maximum  permissible  de- 
fects determined  by  the  above  procedure  could  be  missed.  Therefore,  it  would 
be  necessary  to  project  the  distribution  of  detectable  flaw  sizes  on  the  fac- 
tored crack-growth  curve.  A "safe"  upper  limit  of  the  detectable  defect  should 
then  be  taken  as  the  lower  end  of  the  crack-growth  curve. 

Obviously,  the  procedure  needs  further  detailed  (more  careful)  evaluation. 
However,  the  foregoing  discussion  shows  that  other  approaches  would  be  far  more 
ambiguous  since  the  degree  of  safety  would  be  an  unknown  variable,  depending 
upon  crack  size,  shape,  and  location. 


9.  CONCLUSIONS 


Available  retardation  models  are  a means  for  accurate  prediction 
of  crack  propagation  under  flight-by- flight  loading,  provided 
the  models  are  adjusted  on  the  basis  of  experiments  with  similar 
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types  of  loading.  In  this  respect,  the  Willenborg  model  is  the 
least  attractive  because  it  is  not  adjustable  except  by  adjusting 
baseline  crack-growth  data,  which  will  cause  inconsistencies  in 
predictions  if  the  model  is  applied  to  other  crack  configurations 
(different  K-history) . 

(b)  Crack  growth  depends  strongly  upon  the  shape  of  the  spectrum. 
Therefore,  crack-growth  prediction  should  be  updated  when  more 
reliable  spectrum  information  becomes  available. 

Computed  and  experimental  crack  growth  is  only  slightly  dependent 
upon  spectrum  approximation  and  the  number  of  stress  levels,  pro- 
vided the  loading  is  of  the  flight-by-flight  type.  Ten  to  12 
positive  stress  levels  are  sufficient.  A block  of  100  individual 
flights  adequately  represents  a fighter  history,  both  in  experi- 
ments and  computations,  provided  the  crack  increment  per  block  is 
approximately  5 percent  of  the  instantaneous  crack  size.  (Larger 
increments  are  permissible  at  the  end  of  the  life.) 

(c)  The  only  satisfactory  way  to  apply  a safety  factor  to  crack-growth 
predictions  is  to  apply  a factor  to  crack-growth  life.  A safety 
factor  on  initial  crack  size  or  on  baseline  crack-growth  data  is 
unacceptable  because  it  results  in  different  "degrees  of  safety", 
depending  upon  crack  size,  shape,  and  location.  Moreover  the 
"degree  of  safety"  would  be  unknown. 


10.  RECOMMENDATIONS 

This  research  program  indicates  that  further  study  is  needed  to  develop  a 
fully  satisfactory  method  of  predicting  fatigue-crack  growth  in  service  and 
determining  the  application  of  safety  factors.  Specifically,  the  following 
problems  should  be  explored: 

(a)  Some  statistics  are  now  available  on  the  variability  of  crack- 
growth  predictions  for  materials  with  known  properties  and  for 
cases  with  stress-intensity  solutions.  The  next  step  would  be  a 
generalization  to  structural  cracks  of  complex  geometry  in 
materials  with  variable  properties.  This  step,  already  shown  to 
be  feasible,  would  likely  lead  to  a quantitative  evaluation  of 
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the  reliability  of  crack-growth  computations  to  predict  crack 
growth  in  service.  The  present  program  indicates  how  to  apply 
safety  factors;  the  next  step  would  establish  their  magnitude. 


(b)  Some  critical  test  cases  could  be  designed  to  investigate  the 
feasibility  of  the  approach  for  safety  factor  application  as 
proposed  in  Section  8 of  this  report.  Such  an  investigation 
would  test  the  paracticability  of  this  approach,  and  would 
enable  an  assessment  of  the  problems  associated  with  flaw 
detectability.  Simultaneously,  these  procedures  should  be 
applied  to  existing  airplane  systems  that  have  shown  satis- 
factory performance  in  order  to  substantiate  or  revise  the 
safety  factors  developed  under  item  (a). 

(c)  Statistics  of  flaw  detectability  and  of  equivalent  crack  sizes 
produced  by  various  degrees  of  manufacturing  quality  should  be 
established. 
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BASIC  FIGHTER  SPECTRUM  AND  FATIGUE -CRACK -GROWTH  DATA 
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TABLE  A-l . BASIC  FIGHTER  SPECTRUM 

147785  in  lbs  of  bending  moment  corresponds  with  a stress  of  1 ksi 
for  Ti-6A1-4V. 

285893  in  lbs  of  bending  moment  corresponds  with  a stress  of  1 ksi 
for  7075-T73. 


Level 

Maximum 

Moment 

Minimum 

Moment 

Cycles,  hours 

20 

200 

1000 

3000 

6000 

1 

5147870 

1595588 

7 

0 

0 

0 

0 

2 

5147870 

-184752 

0 

7 

0 

0 

0 

3 

5147870 

-492180 

0 

9 

2 

2 

0 

4 

5147870 

-923761 

0 

1 

0 

0 

0 

5 

5147870 

-1637577 

0 

0 

1 

2 

1 

6 

5147870 

-2351393 

0 

0 

1 

0 

1 

7 

5147870 

-3048412 

0 

0 

0 

0 

1 

8 

5262  752 

-1109353 

0 

0 

1 

2 

0 

9 

5262752 

-83 7445 

0 

0 

1 

0 

0 

10 

5262752 

-2588379 

0 

0 

0 

2 

0 

11 

5262  752 

-3355268 

0 

0 

0 

0 

1 

12 

683900 

1595588 

3 

2 

1 

1 

1 

13 

6583900 

-184752 

0 

3 

1 

0 

1 

14 

6583900 

-492180 

0 

4 

2 

0 

0 

15 

6583900 

-923761 

0 

0 

2 

1 

0 

16 

6583900 

-1637577 

0 

0 

0 

2 

1 

17 

6583900 

-2351393 

0 

0 

0 

1 

1 

18 

6583900 

-3048412 

0 

0 

0 

0 

1 

19 

6819710 

-1109353 

0 

0 

0 

2 

1 

20 

6819710 

-1837445 

0 

0 

0 

1 

0 

21 

6819710 

-2588379 

0 

0 

0 

1 

0 

22 

6819710 

-3355268 

0 

0 

0 

0 

1 

23 

7893960 

1595588 

0 

9 

3 

0 

0 

24 

7893960 

-184752 

0 

0 

4 

2 

1 

25 

7893960 

-492180 

0 

1 

1 

2 

0 

26 

7893  960 

-923761 

0 

0 

0 

2 

0 

27 

7893960 

-1637577 

0 

0 

0 

1 

0 

28 

7893960 

-23513  93 

0 

0 

0 

0 

1 

29 

8302096 

-1109353 

0 

0 

0 

0 

1 

30 

83  02  096 

-1837445 

0 

0 

0 

0 

1 

31 

8302096 

-2588379 

0 

0 

0 

0 

1 

32 

8397832 

1595588 

0 

2 

2 

2 

0 

33 

8397832 

-184752 

0 

0 

1 

0 

1 

34 

8397832 

-492180 

0 

0 

1 

2 

0 

35 

8397832 

-923761 

0 

0 

0 

0 

1 

36 

8397832 

-1637577 

0 

0 

0 

0 

1 

37 

8649764 

1595588 

0 

0 

3 

0 

0 

38 

8649764 

-184752 

0 

0 

0 

1 

0 

39 

8649764 

-492180 

0 

0 

0 

1 

0 

40 

8817720 

-492180 

0 

0 

0 

0 

1 

41 

5348930 

-391675 

0 

0 

0 

0 

1 

42 

5939608 

2809008 

29 

6 

3 

0 

1 

43 

5939608 

1063223 

1 

7 

1 

1 

1 

44 

5939608 

344738 

0 

1 

4 

0 

0 

45 

5939608 

111573 

0 

1 

1 

2 

1 
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TABLE  A-l.  (Continued) 


Level 

Maximum 

Moment 

Minimum 

Moment 

Cycl 

es,  hours 

20 

200 

1000 

3000 

6000 

46 

5939608 

-229093 

0 

1 

0 

1 

0 

47 

5939608 

-465576 

0 

0 

1 

0 

1 

48 

5939608 

-492180 

1 

6 

2 

2 

0 

49 

63 13  706 

2809008 

11 

5 

3 

0 

0 

50 

6313  706 

1063223 

0 

6 

3 

1 

1 

51 

6313  706 

544738 

0 

0 

3 

2 

0 

52 

63 13706 

111573 

0 

0 

2 

2 

0 

53 

6313  706 

-229093 

0 

0 

2 

0 

0 

54 

6313706 

-465576 

0 

0 

0 

1 

1 

55 

63 13  706 

-492180 

0 

7 

3 

1 

0 

56 

6563104 

2809008 

2 

7 

1 

2 

0 

57 

6563104 

1063223 

0 

1 

3 

0 

0 

58 

6563104 

544738 

0 

0 

0 

2 

1 

59 

6563104 

111573 

0 

0 

0 

2 

0 

60 

6563104 

-229093 

0 

0 

0 

1 

1 

61 

6563104 

-492180 

0 

1 

3 

0 

0 

62 

52  72388 

1507718 

5 

3 

4 

1 

1 

63 

5272388 

0 

3 

0 

0 

0 

64 

6844352 

1507718 

2 

4 

4 

1 

0 

65 

6844852 

0 

1 

2 

0 

0 

66 

8324822 

1507718 

0 

7 

2 

0 

1 

67 

8324822 

0 

0 

2 

0 

0 

68 

9249804 

1507718 

0 

6 

2 

2 

1 

69 

9249804 

0 

0 

1 

2 

1 

70 

9675292 

1507718 

0 

1 

0 

0 

0 

71 

9675292 

0 

0 

0 

1 

0 

72 

9962036 

1507718 

0 

0 

0 

2 

0 

73 

5396224 

2849691 

1 

5 

4 

0 

0 

74 

53  96224 

1152  003 

0 

1 

0 

1 

0 

75 

5396224 

636633 

0 

0 

0 

2 

0 

76 

5396224 

212211 

0 

0 

0 

1 

0 

77 

5396224 

0 

0 

0 

0 

1 

78 

5772140 

2849691 

0 

5 

1 

2 

0 

79 

5772140 

1152003 

0 

0 

1 

2 

0 

80 

5772140 

636633 

0 

0 

0 

0 

1 

81 

5772140 

212211 

0 

0 

0 

0 

1 

82 

5772140 

0 

0 

0 

0 

1 

83 

6063174 

2849691 

0 

9 

1 

1 

1 

84 

6063174 

1152003 

0 

0 

3 

0 

1 

85 

6063174 

636633 

0 

0 

0 

1 

0 

86 

6063174 

212211 

0 

0 

0 

0 

1 

87 

6063174 

0 

0 

0 

0 

1 

88 

3554921 

-673615 

0 

0 

0 

0 

1 

89 

3554921 

-1103927 

0 

0 

0 

0 

1 

90 

4258626 

-64  9 02  6 

0 

0 

1 

1 

0 

92 


TABLE  A-l.  (Continued) 


Level 

Maximum 

Moment 

Minimum 

Moment 

Cycles,  hours 

20 

2 00 

1000 

3000 

6000 

91 

4258626 

-1200018 

0 

0 

0 

2 

0 

92 

4258626 

-1776247 

0 

0 

0 

1 

0 

93 

4258626 

-2317211 

0 

0 

0 

0 

1 

94 

4551838 

-405722 

0 

4 

0 

1 

0 

95 

4551838 

-1103927 

0 

0 

2 

1 

0 

96 

4551838 

-1739363 

0 

0 

0 

2 

0 

97 

4551838 

-2355388 

0 

0 

0 

0 

1 

58 

4610478 

1609623 

3 

3 

0 

2 

1 

99 

4610478 

97063 

0 

1 

4 

2 

1 

100 

4610478 

-501491 

0 

0 

1 

0 

1 

lOi 

4610478 

-1116221 

0 

0 

0 

2 

0 

102 

4610478 

-1714774 

0 

0 

0 

1 

1 

103 

4610478 

-2329505 

0 

0 

0 

0 

1 

104 

5425804 

-649026 

0 

0 

0 

2 

0 

105 

5425804 

-1200018 

0 

0 

0 

0 

1 

106 

5425804 

-1776247 

0 

0 

0 

1 

0 

107 

5437128 

-405722 

0 

3 

2 

2 

0 

108 

5437128 

-1103927 

0 

0 

2 

0 

0 

109 

543  7128 

-1739363 

0 

0 

0 

1 

1 

110 

5742874 

1609623 

1 

5 

1 

1 

1 

111 

5742874 

97063 

0 

0 

4 

1 

1 

112 

5742874 

-501491 

0 

0 

0 

1 

1 

113 

5742874 

-1116221 

0 

0 

0 

1 

0 

114 

5742874 

-1714774 

0 

0 

0 

0 

1 

115 

6100066 

-405722 

0 

1 

0 

2 

1 

116 

6100066 

-1103  92  7 

0 

0 

0 

2 

0 

117 

6100066 

-1739363 

0 

0 

0 

0 

1 

118 

6557718 

-649026 

0 

0 

0 

0 

1 

119 

6557718 

-1200018 

0 

0 

0 

0 

1 

120 

6747474 

-405722 

0 

0 

1 

2 

0 

121 

6747474 

-1103  92  7 

0 

0 

0 

0 

1 

122 

6859096 

1609623 

0 

4 

2 

2 

1 

123 

6859096 

97063 

0 

0 

1 

1 

1 

124 

6859096 

-501491 

0 

0 

0 

0 

1 

125 

7252526 

-405722 

0 

0 

0 

2 

0 

126 

7252526 

-1103927 

0 

0 

0 

0 

1 

127 

7744308 

-649026 

0 

0 

0 

0 

1 

128 

77443 08 

-1200018 

0 

0 

0 

0 

1 

129 

8088558 

609623 

0 

1 

0 

2 

0 

130 

8088558 

97063 

0 

0 

0 

1 

0 

131 

9261724 

-1128191 

0 

0 

0 

0 

1 

132 

9261724 

-1850014 

0 

0 

0 

0 

1 

133 

9285664 

1609623 

0 

1 

0 

0 

0 

134 

9285664 

97063 

0 

0 

0 

1 

0 

135 

9746712 

1609623 

0 

0 

0 

2 

1 

TABLE  A-l.  (Continued) 


Level 

Maximum 

Moment 

Minimum 

Moment 

Cycles,  hours 

20 

200 

1000 

3 000 

6000 

136 

5491894 

3027964 

5 

3 

1 

1 

1 

13  7 

5491894 

1312118 

0 

1 

2 

0 

1 

138 

5491894 

748085 

0 

0 

0 

2 

1 

139 

5491894 

219676 

0 

0 

0 

1 

1 

140 

5491894 

-274040 

0 

0 

0 

0 

1 

141 

5943122 

3027964 

2 

9 

3 

1 

1 

142 

5943 122 

1312118 

0 

0 

4 

0 

0 

143 

5943122 

748085 

0 

0 

0 

1 

1 

144 

5943122 

219676 

0 

0 

0 

0 

1 

145 

5943122 

-274040 

0 

0 

0 

0 

1 

146 

6239978 

3027964 

0 

1 

1 

0 

0 

147 

6239978 

1312118 

0 

0 

0 

0 

1 

148 

4270696 

1397682 

2 

9 

0 

2 

1 

149 

4270696 

0 

2 

2 

0 

1 

150 

5435430 

1397682 

1 

2 

1 

2 

0 

151 

543543  0 

0 

1 

0 

0 

1 

152 

6561340 

1397682 

0 

3 

1 

1 

1 

153 

6561340 

0 

0 

1 

1 

0 

154 

7764902 

1397682 

0 

3 

2 

2 

1 

155 

7764902 

0 

0 

1 

1 

1 

156 

8914108 

1397682 

0 

0 

0 

2 

1 

157 

8914108 

0 

0 

0 

0 

1 

158 

9706128 

1397682 

0 

0 

0 

2 

1 

159 

4561000 

1755623 

57 

0 

3 

0 

0 

160 

4561000 

271488 

12 

3 

2 

2 

0 

161 

4561000 

-217190 

0 

5 

0 

0 

0 

162 

4561000 

-494271 

2 

6 

2 

2 

0 

163 

4561000 

-787315 

0 

2 

1 

1 

0 

164 

4561000 

-1339341 

0 

1 

3 

1 

1 

165 

4561000 

-1900417 

0 

0 

1 

2 

1 

166 

5701250 

1755623 

26 

3 

2 

0 

0 

167 

5701250 

271488 

5 

7 

0 

0 

1 

168 

5701250 

-217190 

0 

2 

1 

1 

1 

169 

5701250 

-494271 

1 

2 

1 

1 

0 

170 

5701250 

-787315 

0 

1 

0 

0 

1 

171 

5701250 

-1339341 

0 

0 

4 

0 

0 

172 

5701250 

-1900417 

0 

0 

0 

2 

1 

173 

6823400 

1755623 

7 

8 

2 

2 

1 

174 

6823400 

271488 

1 

7 

0 

0 

0 

175 

6823400 

-217190 

0 

0 

3 

1 

1 

176 

6323400 

-494271 

0 

3 

3 

0 

1 

177 

6823400 

-7873  15 

0 

0 

1 

1 

1 

178 

6823400 

-1339341 

0 

0 

1 

0 

1 

179 

6823400 

-1900417 

0 

0 

0 

1 

0 

180 

7963650 

1755623 

1 

9 

4 

2 

0 

TABLE  A- 1 . (Continued) 


Level 

Maximum 

Minimum 

rcles,  hours 

Moment 

Moment 

20 

200 

1000 

3000 

6000 

181 

7963650 

271488 

0 

4 

1 

1 

1 

182 

79o3650 

-217190 

0 

0 

0 

2 

1 

183 

7963650 

-494271 

0 

0 

4 

2 

0 

184 

7963650 

-787315 

0 

0 

0 

1 

1 

185 

7963650 

-1339341 

0 

0 

0 

1 

0 

186 

9049604 

1755623 

0 

4 

3 

1 

0 

187 

9049604 

271488 

0 

1 

0 

0 

0 

188 

9049604 

-217190 

0 

0 

0 

1 

0 

189 

9049604 

-494271 

0 

0 

1 

0 

1 

190 

9049604 

-787315 

0 

0 

0 

0 

1 

191 

9909316 

1755623 

0 

0 

4 

0 

0 

192 

9909316 

271488 

0 

0 

0 

2 

1 

193 

9909316 

-494271 

0 

0 

0 

0 

1 

194 

4555072 

188115 

4 

7 

1 

2 

0 

195 

5428462 

188115 

4 

0 

4 

2 

0 

196 

612043  8 

188115 

1 

3 

3 

2 

1 

197 

6718396 

188115 

0 

3 

3 

1 

0 

198 

7249150 

188115 

0 

1 

2 

1 

1 

199 

7605224 

188115 

0 

0 

0 

2 

1 

2 00 

3538669 

1431800 

5 

7 

0 

0 

0 

201 

3538669 

337535 

0 

0 

1 

2 

1 

202 

3538669 

0 

0 

0 

0 

1 

203 

4289956 

1431800 

2 

6 

1 

2 

0 

204 

4289956 

337535 

0 

0 

0 

2 

1 

205 

4289956 

0 

0 

0 

0 

1 

206 

4872476 

1431800 

1 

4 

2 

0 

1 

207 

4872476 

337535 

0 

0 

0 

1 

1 

208 

4872476 

0 

0 

0 

0 

1 

209 

5444108 

1431800 

0 

5 

4 

2 

0 

210 

5444108 

337535 

0 

0 

0 

0 

1 

211 

5934076 

143 1800 

0 

1 

2 

0 

0 

212 

6260722 

1431800 

0 

0 

1 

2 

0 

r 

PHIS  PACE  I?  BEST  QUALITY  PRACTICABLE, 



TABLE  A-2 . CONSTANT-AMPLITUDE  FATIGUE- 

Maximum  Stress  = 15.0  ksi  R = 

CRACK- GROWTH  DATA 

0.15  t = 0.264 

--  SPEC  MEN 

Inch 

AL-1 

Upper  Crack 

Lower  Crack 

Upper  Cra 

ck  (Cont.) 

Lower  Crack  (Cont.) 

. 

A. 

N, 

A, 

N, 

A, 

N, 

A. 

N, 

Inch 

Cycles 

Inch 

Cycles 

Inch 

Cycles 

Inch 

Cycles 

C.119 

• 

0.115 

• 

1.141  _ . 

79_6"5j 

_2._695 

4 7 7 O.P. 

0.113 

57ro. 

0. 157 

17C0C. 

1.210 

40130. 

1 .025 

47=00. 

0.143 

0 1 7 o . 

C.  172 

1 5 " f " • 

1.270 

-jico. 

1.050 

4 •; 7 0 0 . 

0.163 

12000 . 

0.167 

1* COO. 

1 .?75 

4 " 5 C " . 

1.C65 

41710 , 

0.150 

1 5 0 0 r . 

0.218 

2" 00". 

1.430 

4 0 7 " 11 . 

1.115 

4 1 " 1 0 . 

0. 221 

1 »5  C 0 T . 

0.240 

2?"on. 

1.585 

4071 ". 

1.125 

4 10b'1. 

_0j_279  . _ 

_ 2 0 0 0 0._ 

_0j259 

23.1 

_i_._e  bo 

M-11 0. 

_l.il  2 5 

4111". 

t.272 

72  0 C 0 . 

0.286 

25 03  2 . 

1 .775 

4106", 

1.130 

4116". 

_0 • 2 64 

27rr". 

0 . 3 1 7 

26  n 2 n . 

i.  eio 

4111", 

1.145 

411=". 

0.322 

_ 25 "3 C. 

0.317 

27240. 

1.615 

41 loC . 

C.  344 

?6r2r. 

0.741 

p a f*  2 r , 

2.065 

-.116". 

0.763 

27  04  n . 

0.370 

OOTu0* 

0.353 

2 » f 2 " . 

JPL.445 

7inir. 

0.  1.19 

29(40. 

0.495 

72  53  0 . 

0.485 

31 C 10 . 

0.535 

?3’1 r. 

0.550 

32  c30  » 

0.5  65 

2 4 77  n . 

0.605 

3 7 7 1 o . 

0.6  30 

35700. 

0.661 

34  77  0 • 

0.675 

36710, 

_0.7J5 

35702. 

0.750 

_ 3771". 

0.773 

3671 n. 

0.005 

74400. 

0.61.0 

77  7 1 0 . 

0.  e25 

78706. 

_ 0.6  25 

.roi-oc. 

0.  865 

79i_:°._ 

0 . 6 oO 

P A . 

0.605 

1.016 

371"", 

0.635 

980->. 

1 

i.oeo 

3 e ^ o , 

0.9  70 

4 1 1 0 0 . 

96 

4 « 
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TABLE A-3.  CONSTANT-AMPLITUDE  FATIGUE-CRACK-GROWTH  DATA  --  SPECIMEN  AL-2 


Maximum 

Stress  = 

12.75  ksi 

R = 0.0 

t = 0.264 

Upper 

Crack 

Lower- 

-Crack 

Upper  Crack  (Cone.) 

Lower  Crack  (Cone.) 

A, 

N, 

A, 

N. 

A, 

N , 

A, 

N, 

Inch 

Cycles 

Inch 

Cycles 

Inch 

Cycles 

Inch 

Cycles 

P.130 

« 

0.125 

• 

0.555 

LG  n «:  0 # 

1.  1"6 

u Of £r  , 

0.  1 T3 

551.0. 

0.132 

771". 

1 . 06" 

u 0 6 C 0 • 

1.175 

*0200. 

0 . 1 46 

77 10. 

<1.148 

11 52". 

1.105 

3020". 

1.225 

50612. 

o.ies 

1 1 n ? n , 

0.171 

15C1 ". 

1.155 

fTf-1  r , 

1 .225 

5101". 

0.  1*9 

1*01". 

0.150 

1 0 1 ? r • 

1.150 

5 1 r 1 r . 

1.295 

*1110. 

C.219 

19020. 

0.23" 

?2""r. 

1.275 

51 71C. 

1.140 

r 1 ^ -n % 

C . 2 1. « 

■»?<  PC. 

0.25? 

"4  ^ 0. 

1.27* 

5 1 fc  C 0 . 

1.415 

5 1 9 C " . 

0.26? 

2k  0 7 p , 

0.281 

2617". 

1.330 

"I*"". 

1.510 

5 2 10  C . 

0.251 

2617". 

0.  ’03 

?or2r. 

1.375 

*2 10  C . 

1.675 

c t £ c « % 

C.313 

20020. 

t .7  4C 

7 0 0 3 C . 

1.405 

c ? ?c  r % 

1.64* 

777^2 

0.311. 

0.  35fi 

’1C'". 

1.4"3 

*275". 

1.700 

5 2 4.  Ci  2 , 

0.759 

71 r 3"  . 

0.375 

32125. 

1.440 

”.nr. 

1.725 

10^11'  # 

1*2 1° 

7212". 

J).43" 

_ ’4*00. 

1.475 

.1  . 7U5 

? r c P % 

0.<<  <40 

■’it”'. 

0.475 

76505  . 

1.492 

r 2 * 5 c . 

1.855 

c 3 1 1" 

0.480 

7 A r fjr  , 

0 • e 3 O 

3851 ". 

1.500 

5? c ■ " . 

1.  *05 

526* ". 

0.5^5 

78*1  ". 

0.5P5 

4 0 " 1 2 . 

1.525 

*2652. 

1.53" 

5 ? 6 3 : . 

0.580 

4001 ". 

C.620 

4 1 " 0 " • 

1 . 5 1 0 

*2680. 

2.035 

52  7! 

0.520 

4 1 r o r . 

0.575 

425  O'. 

1.540 

*■?  T1  2 . 

o.6?n 

42000. 

0.735 

4 4 C 1 r . 

0.730 

4^01 p. 

0.750 

/*  S r j C • 

0.770 

4*01". 

0.825 

4CP0O  . 

0.845 

/.e-pro. 

r.850 

46*00. 

0.  8*5 

40  8'JO  . 

0 . c ■*  5- 

“7  6" r . 

c . 5 1 n 

1.0  50 

4 3<-0C. 

0.960 

■.  - .. " r . 

1 . OaO 

J 
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TABLE  A-4 . CONSTANT-AMPLITUDE  FATIGUE-CRACK-GROWTH  DATA  --  SPECIMEN  AL-3 


Maximum 

Stress  = 

14.00  ksi 

R = 0.300 

t = 0.251 

Inch 

Upper 

Crack 

Lower 

Crack 

Upper  Crack  (Cone.) 

Lower  Crack  (Conf  . ) 

A, 

Inch 

N, 

Cycles 

A, 

Inch 

N. 

Cycles 

A, 

Inch 

N, 

Cycles 

A, 

Inch 

N, 

Cycles 

C • 1 2 k 

• 

C.ll* 

• 

1.010 

60 . 1 ' . 

1.130  - 

6 " r- r " 

0.1  41 

1’tO". 

0.1c9 

3 5 c r r . 

1.055 

f 1 r 5 " . 

1.1  "1 

6 0 40" 

0.  157 

1 5 - n 0 . 

0.167 

1 Jc00. 

J.09'1 

60°C  " . 

1.2  23 

( 1 2PP 

0.  171 

)»>". 

_c.ieo 

"?i.Q  0. 

1_.J70 

f- 1 2.C " . 

1.770 

c i r ;c 

0.153 

22<.0". 

0.215 

?r  ur1'. 

1.160 

6160". 

1 . 225 

616  0 3 

0.216 

26 

0.2  29 

V ? 1 i c . 

1.195 

6160". 

1.395 

u2  05" 

_0.2k7 

_2q»or_. 

0.767 

• 

. . 

*>  •>  **  5 n # 

J.jU50_ 

f ° 7 r r 

C • 271 

72i0C. 

0.297 

75 "C  C , 

1.260 

2p  " . 

1.515 

c-  9$  fit 

0.257 

7 5 0 11  0 . 

0.22O 

7/rro, 

1.290 

p?3  30. 

1 .560 

e?6  = c 

_ 0.328 

7 7 6 r n 

A-1'7  - 

7 ec  r r , 

_ lj.2  70 

?,f-6r. 

1.613 

f,  ? £ p f 

0.355 

795C". 

C.70? 

cl  t f, r t 

1.265 

<■  2 * n r • 

1 . 65c 

Apofn 

0.277 

4 1 C C •"  . 

p.  kk5 

w-»C0C . 

1.  36<’ 

6? 9 " " • 

1.705 

£ 7 r C r 

0.  *.35 

_kkp"  6 . 

0 .k  “0 

- 6 r C ' . 

1.375 

6*006. 

1.765 

f 7 1 r r’ 

T.k83 

Cfc 0 0 5 . 

0 • 5 7 0 

u « 'j  £ •»  # 

1.2™ 

finer. 

1.795 

t 7 1 7 " 

0.520 

«0CuC. 

C .50r 

5C"rp. 

1 . k 1 " 

63  17C. 

1.61.5 

i-  3 " <•  r 

0.5  70 

5"roo. 

0.  bkO 

6206*. 

1.L70 

672k" . 

1.680 

fj 7 r 9 c* 

0.625 

52roe. 

0 ,66r 

r3rrp. 

1.450 

6 7 "9". 

1 .925 

•*:  3 ” ^ C 

0.675 

5*5  OP. 

0.7k5 

5300". 

l.k'0 

r 2 3.". 

1.570 

£ •>  3 c •* 

0.725 

55000. 

0.705 

3 6 0 6 . 

1 . *<60 

c 3 7 9 3. 

2 • 0 , 5 

-p  7 *4 

0.765 

C6CQ". 

0.  "55 

57  " C p . 

1 .k?5 

o7>.i.p  . 

2.075 

6 7 4 » r 

0.015 

WO", 

r.  “76 

5 7 7 n r # 

1 . k »5 

6 1 <-  0 r , 

2.125 

C.  7 ‘5  ^ r 

0.  “tO 

577PP , 

0.6  25 

5 « u 0 p . 

1.4  c5 

6 5 5 1 o ._ 

2.  160 

r 7 »;  7 n 

C.  "51 

o^nr . 

C . 6 ! 0 

5°  3 DC  . 

l .oro 

6 7 r 7 C . 

2.223 

6 7 5 5 p 

0.935 

59 " " p • 

1.025 

5950". 

1.510 

«3  7 r r,  o , 

0.970 

• 46  0 0. 

1.0  65 

61PQ". 
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TABLE  A-5.  CONSTANT-AMPLITUDE  FATIGUE-CRACK-GROWTH  DATA  --  SPECIMEN  AL-4 


Maximum  Stress  = 

10.65  ksi 

R = 0.150 

t = 0 

251 

Upper 

Crack 

Lower  Crack 

Upper  Crack  (Cont  . ) 

Lower  Crack  (Cone  . ) 

A, 

Inch 

N, 

Cycles 

A, 

Inch 

N, 

Cycles 

A, 

Inch 

N, 

Cycles 

A, 

Inch 

N, 

Cyc les 

_C  . 131 

7 1 , 3 ° 

0.119 

• 

0.99  9 

*0*Kjl  . 

0.999 

71  ICO. 

0.  1m9 

1 HTTP, 

0 . 1 2 T 

7 50  n . 

1.075 

71  °r. 

_1  . C 20 

7% SO 9* 

o.iss 

1 5*  or  . 

0.135 

1 0 ' 0 0 , 

1.100 

*2505. 

1 . 065 

*750 

P.  l pr, 

31500. 

0.151 

16=00, 

1.155 

_ 7 •<  6 ; - , 

1.105 

71*0". 

0.2U 

3d' 00. 

0.173 

?lrG". 

1.190 

73300. 

.1.140 

* * 'OC.. 

0.?’? 

.7  3 r 0 n . 

0.20? 

2F562. 

1 .2  26 

744 Cn. 

1.160 

74-ro. 

J.76  3 

.3  4 5. 0 0.. 

0.72* 

3 n 5 C 0 .. 

7 ^ f.  n r>  # 

1.225 

76 "C". 

0.  291 

M 0 00  . 

0.252 

* 4 ■ np. 

1.340 

7 6 h n p . 

1.279 

7 r r r # 

0.318 

*.i  "no . 

0.273 

’"IP. 

1 .*P6 

7610". 

1 .325 

7 6 1 r 0 . 

?«?»? 

__  4*505._ 

0.3C6 

__  41..Cr  ._ 

1 m kk  S 

7 g b 1 

1.375 

7660". 

0.  *P9 

h 7 5 0 P . 

0.327 

47602. 

1.455 

77006. 

U 4 16 

77  rr  " 

0.420 

<-95  JO. 

0.3  60 

466  60  # 

1.569 

7 7 <-  n f , 

1.465 

7*409 . 

0.470 

*5  ? *■  C n , 

0.373 

4 7 6 0 " 

1.636 

7 ' 7 ' . 

1.520 

77*0". 

0.510 

r'c  O 1 0 , 

0.410 

49699. 

1.680 

7310". 

l . oer 

7 7 c 9 0 , 

0.550 

f 7 0 p r , 

t.  449 

5 * 5 n 3 . 

1.775 

7**00. 

1.  580 

7315'. 

0.600 

59C0C. 

0.5  in 

55  0 f 0 . 

1.760 

7 » s 0 ' . 

1 .670 

7 o ? n r # 

0.600 

b 1 0 9 0 , 

0.540 

5300', 

1 .»36 

7 806". 

l»Cf$ 

7 ** * * . 

0.705 

6*63". 

0.5  75 

5 g rj  0 0 • 

1 . H°5 

7 R ’ C C . 

1.6  90 

*8669. 

0.74  5 

6 4 o J n , 

0.6  30 

6161' . 

1.9  40 

7680**. 

1 . 7-.0 

78-i:. 

o.  eor 

*55or. 

0.666 

0 ? 3 n ^ * 

1 .«93 

*3500 . 

1.7  75 

78 <•  09  . 

C.  530 

60  6 5'. 

C . 7 1 0 

e>4(.rr. 

2.0  76 

7TH,  P, 

1 .795 

7 * •>  C " . 

C.P70 

07'  03. 

0.765 

f>r  0 • 

2.1*5 

7411 0. 

1 . *65 

*6"4f  . 

0.605 

b * a 3 p , 

0.7*6 

r.e r * * • 

2.1  *3 

79163. 

1 . " 7 5 

79* IP. 

0.960 

.>9  5 or. 

C.  6*6 

r 7 ~ r r # 

7.276 

’°21 '. 

1 . * *0 

7 2 1 6. 0 , 

0.125 

0 . Pt  5 

(,*619. 

*.  *05 

7 c 26  r. . 

1 . »6C 

7 *21  * . 

0 .51 6 

r,'  1 P P . 

2.3P5 

*926'. 

1.9*0 

79:'6>". 

0 . 61.3 

7 >'.  < n r , 



; 

- p_ . . . 

1 .945 

7 92  90. 

* 
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TABLE  A-6.  CONSTANT-AMPLITUDE  FATIGUE-CRACK-GROWTli  DATA  --  SPECIMEN  AL-5 


Maximum 

Stress  = 

19.60  ksi 

R = 0.500 

t = 0.251 

Inch 

Upper  Crack 

Lowe  r 

Crack 

Upper  Crack  (Cont.) 

Lower  Crack 

(Cone . ) 

A, 

N, 

A, 

N, 

A, 

N, 

A, 

N, 

Inch 

Cycles 

Inch 

Cycles 

Inch 

Cycles 

Inch 

Cycles 

C.J'  0 

• 

0.129  _ 

_ * 

c • *.c,z> 

_.4  7.0,0  , 

_1.«J  23 

r r * 

0.144 

U 3 1 C . 

0.135 

7nrr, 

0.510 

44*m. 

1.195 

4 4 7?'' 

0.158 

17  0 0'’. 

U ♦ 1 6 

1 n ? p " # 

3.525 

4491”  . 

1.220 

t ^ ° o e 

0.176 

ifr  r n ? . 

0.154 

13000. 

0 .54  0 

4-jO0.r  . 

,_1_%  2.5  0 

uL,CiQD 

0.156 

1900". 

0.192 

i6c:n. 

C . 5 6.0 

45570. 

1.355 

u t>  r r c 

0.221 

22000. 

0.206 

1 c C C * • 

0 • 96c 

140. 

1.975 

us  r/r 

_ 0.242 

? 4 v 1 n . 

_C._2J2 

2',"0". 

0.583 

45  210. 

1.440 

i.  514: 

0.271 

27  CP". 

C.  255 

? 4 5 C 0 . 

0.55° 

4 8?e':, 

1 .5  CO 

(.  ; 1 r 

C . 2 97 

? 9 0 r n • 

0.294 

2 '’"30. 

1.  r00 

LC 73Q. 

1.  5 

4 5 2 6" 

_T  . 719 

3 0 5 " - . 

_0.217 

?4'V. 

1.01C 

u 5/6  r • 

1.675  

_U  j 7 ' r 

0.  ,**4 

3 ? C 3 " . 

0.3  96 

' J C o 0 . 

1.755 

L' 5 ? 6 P 

C .370 

0.383 

? ? C j c • 

P.4  25 

1 5 Q C p • 

0.369 

7 3 53  n , 

0.495 

-r7c;:. 

0.455 

’550:. 

D.e  30 

7QS  n p , 

0.520 

3 7 c 3 o , 

0.5.5  0 

_4P 7 DC, 

0.57*1 

79400. 

r.  e ’0 

41 70C. 

n . 6 36 

4 0 ’ 0 r . 

0.690 

4? 5D  o . 

C.7C0 

4 1 7 J r.  , 

0.720 

4 

_ 0.  765 

42' cr. 

0.743 

4 9 '0  0. 

0.920 

4.5  00". 

C.770 

■'.’81'. 

0.  *65 

c ’ TO. 

0.755 

4’C.Qfl. 

0,  crjn 

* 7 ft  * n # 

C.  625 

0 .orc 

i*  ’ on  0 , 

0.8  50 

c c • 

1 • u 2 5 

44  -’0r  . 

0.965 

1.  P»5 

<•  4 4 '. 

* 

; 


i on 


rm.  . . i, 

JFRJM  ^un  UK: 


TABLE  A-7 . CONSTANT-AMPLITUDE  FATIGUE-CRACK-GROWTH  DATA  --  SPECIMEN  AL-6 


Maximum 

Stress  = 12.75  ksi 

R = 0.0 

t = 0.479 

Upper  Crack 

Lower  Crack 

Upper  Crack  (Cont.) 

Lower  Crack  (Cont.) 

N, 

A, 

N. 

^7 

N, 

~ ^ n7~ 

Inch 

Cycles 

Inch 

Cycles 

Inch 

Cycles 

Inch  Cycles 

C.1  27 

• 

0.  127 

• 

0.65-0 

_ 5.1 

C_.  5 6 ” __  .5160". 

0.133 

Q 0 no  , 

0.130 

11  COO. 

C.680 

51602. 

C . 6 2 0 627oc . 

C.l  36 

HOC”. 

0.  14* 

1 6 0 " 0 . 

1.0  7r> 

q 2 ? r n • 

C . 6 70  5u”co. 

0. 16u 

i&  r . 

0.165 

2C ” 0 ” . 

1.225 

r U 0 0 0 . 

0.7  CO  55nr)n. 

0.163 

2J3C0. 

0.  1 07 

23  cor. 

1.4  3* 

*5000. 

0.7  15  6570  0. 

o.?n 

2’fM. 

0.2C? 

reorr. 

1.780 

5570”. 

0.730  r5  80 C . 

0.211 

”6  CO”. 

C.215 

? ^ n n r t 

1.900 

56800. 

0 .735  55  °7 ” . 

0.263 

26000. 

0.231 

t n p r>  £ t 

2 . p U 5 

55870  . 

0.281 

7o  r?  ?• 

r.  2u2 

311"”. 

* ; 

0.209 

31 600. 

0 . 256  _ 

7 7 0 C 0 . 

— 

0.231 

ITCO”. 

0.271 

juror. 

0.352 

3Ui.ro , 

0 . 2 »0 

350rc. 

0 . 7?U 

25600. ___ 

C.  3 30 

77  r o p , 



0.4.30 

77  C 00  . 

0.3  36 

7 6 7 0 C . 

0.  Uf5 

7 p/O". 

0.355 

UlUO". 

_0. 510 

u ” . . 

0.375 

11900 



1 

0 . 6 L 0 

ui o;r . 

0.360 

*74 

I 

0,595 

u7uoo. 

0.42c 

UU7rc, 

I 

0 . 6 U 5 

Lk  7Wf  4 

o ,mo 

I 

C.680 

sU  "5”. 

C.46r 

Uf  60”. 

I 

0.720 

UFiOOC. 

C . U50 

47900 . 

J 

0 . 7 * 2 

u 7 5 0 « . 

_t.520 

4 D 7 ” ” , 

J 

0 . • 1 5 

i-avr, 

0.6  75 

495PC. 

I 

0.  »>c0 

O”. 

C.550 

507CC . 

j 

0 . e.  C 5 

ro  i ' ,7 

C . 5 7 5 

5 j r r ” . 

1 

J 


101 


IBIS  PASS  is  BSSI  WAUH  pbasusabu. 

J.-KOM  PLANISHED  10  ">DC 


5 


TABLE  A-8.  CONSTANT-AMPLITUDE  FATIGUE-CRACK-GROWTH  DATA  --  SPECIMEN  AL-7 


Maximum  Stress 

= 14.00 

ksi  R 

=0.300  t = 

0.480  Inch 

Upper  Crack 

Lower 

Crack 

Upper  Crack  (Cont.) 

Lower  Crack  (Cone.) 

A, 

Inch 

N, 

Cycles 

A, 

Inch 

N, 

Cycles 

A, 

Inch 

N, 

Cycles 

A, 

Inch 

N. 

Cycles 

0.12V. 

• 

0.111 

* 

-0,6  23 

_cl  10"., 

—Q.AoJ  . 

■ 3 3 • 

G.  196 

1 r C 0 3 . 

C.177 

2 7 r o " . 

n . c 70 

a *>  ? ^ r . 

0.529 

6990" . 

0.159 

16000. 

o.  1 ’0 

1.015 

62  n " " . 

0.565 

65  0 0 " . 

o*_m . 

??ccc. 

_C,_197 

:<  o o o : . 

J . 1 95 

_ 6 >.  9 " ? 

0.199 

?6ocr. 

0.169 

2 7 0 1 C . 

1.955 

fi  5 9 " 0 . 

0.227 

7 3 n n n . 

0.167 

7 5 ■; n o . 

0.250. 

72  0 0_C_. . 

C.  173 

2 6 0 0 ; n . 



0.271 

7 r 5 0 " . 

0.109 

9 a 3 C o . 

0.297 

■'5  000. 

0.169 

L 2 n ft  p . 

0.219 

9 3 6 0 C 

0.705 

9 T r 0 0 • 

0.299 

>.700". 

0.715 

9"  Cl". 

0.265 

9 «50C. 

C . 275 

•.650'’. 

_.P. 

u?  P pi , 

0.795 

J.9QC.  . 

0.920 

5 0 C • 

0.765 

5306". 

T.950 

99000. 

0.795 

6 7 " 9 C . 

_0._950 

FUJI. 

_C,215  _ 

5.7*00. 



0.525 

570  0'’. 

0.  77(1 

firn . 

0 . 6 ?5 

576T0. 

0.295 

c5  " 0 " . 

0»€25 

5 9 >■  0 " . 

C.363 

r 0 » 0 " . 

. 

0.655 

55630. 

tl.  ’75 

r / q r n # 

0.650 

5 6 <’  1 o . 

C .255 

6 3 » 1 0 . 

o.  r *5 

0.915 

■■  o > C " . 

0.730 

r an1;, 

0.920 

M "03. 

C.  625 

69  " "C . 

0.995 

6 1 c C " . 

C.  500 

o- 1 9 0 0 . 

C.  955 

r ’ • f»  0 t 
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TABLE  A-9.  CONSTANT-AMPLITUDE  FAT I GUE- C RACK- GROIVTH  DATA  --  SPECIMEN  AL-8 


Maximum 

Stress  = 19 

.60  ksi  R 

= 0.500 

t = 0.481 

Upper  Crack 

Lower 

Crack 

Upper  Crack  (font.) 

Lower  Crack  (Cone.) 

A, 

Inch 

N, 

Cycles 

A. 

Inch 

N, 

Cycles 

A. 

Inc  h 

N, 

Cycles 

A, 

Inch 

N, 

Cycles 

C . 1 1 2 _ 

• 

_0.  1 1 9 

• 

_ _r . e 4 0 

4 7 DC. 

J-._S.F5__. 

__  u 79  C r 

0.  13C 

1 5 C 0 C . 

0.  127 

7 G 0 0 . 

C.670 

1 ’ 7 0 0 . 

P .550 

-Slop 

0 . 1 c u 

1 9 n 3 ^ . 

0.127 

1 *\  » 0 P • 

Q.705 

4410", 

1.  COO 

h97"" 

o.  it? 

?7"3". 

9.1  -.9 

lr»P  CO  . 

_ 0. 7 7" 

...4.920  5 • 

1 ’0  __ 

/*A7uP 

C.lf>2 

26030. 

0.165 

19030. 

" .721 

4*  n ? c 0 t 

1.33" 

4 910  0 

C.  19’ 

O')  "00. 

0. 1 “9 

0 7 2 0 0 

0 • 

0.771 

45270. 

1.415 

uQ°Q  0 

o . 1 \ ? 

•»  3 0 0 " . 

C . 2 1 T 

?f)  n n 0 , 

0.725 

1.465 

•j  q p c:  n 

0 • 2 ''<♦ 

*1 «0D. 

O.Z’O 

2 ‘U  " 0 . 

r.726 

4 9 7 7 " . 

1.460 

4 n 2 7 c 

P.262 

1 7 4 0 0 . 

0.251 

< 0 r - n 

0.726 

49770. 

1.615 

LC9C(] 

0.271 

’6C  0". 

0.  "7. 

7 1 -■  0 0 . 

0 . 727 

43470, 

1.56C 

4933" 

C.  22’ 

T6--r  " . 

" . ?c3 

7343". 

".727 

4 94  6'.’. 

1.615 

i*C  "> 

C . T 1 3 

375"''. 

r.  11 9 

* v c ? • 

1,700 

».  0 H 3 r 

0_._’6" 

39-.nr.__ 

n_._3'*4_ 

"f  4 . 

1,959 

4949: 

0.375 

COn'". 

0 . ’"9 

7 *7  a r 0 

0.R15 

CV20  ' . 

0.416 

"04 "5. 

0 jJ*’5 

0.465 

4 3 n 0 C . 

- 

0.476 

44  ICO. 

o.ro: 

4 n 20  0 . 

0.450 

cur''". 

0.540 

4 3 2 0 n . 

0.615 

cr°0". 

0.5  90 

_ ‘“.l"". 

C.  6 4*' 

46r00. 

o.f.25 

46 JOO. 

0.670 

4700". 

r.5  70 

4r  “0"  . 

0.603 

4 7 7 0 " , 

0.735 

4 6 •>"'•. 

C.605 

**  7 v C C • 

P . 7cr 

4 7 Cl  U L • 

0.125 

C7q(JC. 

0.  O’l 

4 ’ 7 3 " . 

0.  t?0 

r . 960 

47009, 
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TABLE  A- 10 . CONSTANT- AMPLITUDE  FATIGUE- CRACK- GROWTH  DATA  --  SPECIMEN  AL-9 


Saltwater  Environment 


Maximum 

Stress  = 

12.75  ksi  R = 0.0  t = 0.265 

Upper 

Crack 

Lower 

Crack  Upper  Crack  (Cont .) 

Lower  C 

rack  (Cont . ) 

K 

Inch 

N, 

Cycles 

A, 

Inch 

N,  A,  N, 

Cycles  Inch  Cycles 

A, 

Inch 

N, 

Cyc  Les 

r.  i?9 

t 

0.  1 33 

• 0.P65  . . J 7.6.  TO.  _ 

C..50  9 

17-  1 

f'.iis 

0.169 

5 2 " 0 . 0.629 

0.660 

1 7 75  " 

0 . 1 B 1 

7 POO. 

0.197 

7C00 . 0.c9l  17900 . 

0.666 

i ^ o o p 

0.204 

90''''. 

0.219 

3500.  0,66’  1 0 " 5 5 . 

1.017 

1 3 C 5 " 

0.239 

9000, 

0.258 

°0P". 

C • 2 8 q 

9;  CO. 

0.279 

o3nn. 

0.2PO 

qcoo, 

C.’CO 

9 9 0 5. 

0 . c 6 3 

10300. 

C • ’ 21 

1 0’K. 

0 .’09 

10700. 

0.  ’39 

1"70", 

0.3  32 

11100. 

0.361 

11130. 

0.351 

item. 

C.  ’80 

11-00. 

0 .’77 

11  9 n r.  . 

0.906 

lion". 

0.  1)19 

1 2 (■  r * , 

0.953 

120'’''. 

n.96J 

l T t o : . 

C.960 

1’ 20 0 . 

0.505 

1 3 “C"  • 

9.570 

13605. 

0.597 

1 4 4 C " . 

r . 5 p i 

1 9 l n n , 

0 • 5 a 8 

15070. 

0.632 

150P0, 

o.eu7 

15500. 

".677 

1 5 6 C " . 

0.5  79 

15900. 

0.717 

1 5 9 0 * • 

C.722 

183m. 

0.769 

16 ’08. 

0.759 

1585". 

C.  P13 

1688". 

0.776 

1 c 95  0 . 

_ 0 .351 

1 8‘m". 

0.  PrM 

1770". 

0.669 

17156. 

O.P60 

1 7 ’r  6 . 

0.616 

17  ' z r . 

0 . <■77 

1 7 e f 0 . 

U.9’1 

'’950. 
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TABLE  A-ll.  CONSTANT-AMPLITUDE  FATIGUE-CRACK-GROWTH  DATA  --  SPECIMEN  A10 

Saltwater  Environment 

Maximum  Stress  = 12.75  ksi  R = 0.0  t = 0.263  Inch 


Upper  Crack 

Lower 

Crack 

Upper  Crack  (Cent.) 

Lower  Crack  (Cone  . ) 

T, 

Inch 

N, 

Cycles 

A, 

Inch 

N. 

Cycles 

A. 

Inch 

N, 

Cycles 

A, 

Inch 

N, 

Cycles 

0.  1*5 

• 

0.133 

• 

I , 5<*7 

2370O. 

[.‘>'■2 

o . ? i a 

1 Q r ■* r . 

0.  ?lr 

136  or. 

0.968 

?k000. 

0.669 

2 k c o r . 

0.  226 

10orP. 

0.217 

1093". 

l . ro-. 

2k ”0  o . 

0.896 

2k  C . 

o.  2ko 

11  <-0% 

0.27° 

Ilk0% 

0 . 2 5 3 

1 1 ° 1 " . 

0.239 

1 1 9 C 3 . 

o.  2ao 

1 3 1 0 0 , 

0.273 

1 ? 1 n C . 

0.311 

1 ’500  . 

0 .2  26 

1 39  0% 

0 . 1 V 

1 4 5 C ® . 

0.321 

1 k r-  0 n . 

0.76o 

16',"'1. 

0. 3kl 

15  7 ^ 0 . 

% *63 

1 5 * " n , 

0.363 

15800. 

0 . k 25 

i6»:r. 

0 • k 06 

16® CP. 

0 • k 7 0 

1780% 

fl  • V*  6 

1 7 P 0 0 . 

0.525 

1 8° "O, 

0 . k^O 

18000. 

0.567 

1 9 6 C % 

0.53  k 

19P-00. 

0.616 

’3330. 

0.573 

77300. 

0.660 

20  601'. 

0.6  1k 

70900. 

0.709 

21  5 3 0. 

0 . 6k8 

2 1 5 " 3 . 

0 .75o 

2?on0. 

0.652 

??  r ? r‘  • 

P • 7 0 8 

. 

C.7?0 

22670. 

0.  ®3fl 

2 * n * •» # 

0.769 

2’"0% 

0 . *9k 

g* urn  , 

0.005 

?7k  o% 
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TABLE  A-12.  CONSTANT- AMPLITUDE  FATIGUE- CRACK- GROWTH  LATA  --  SPECIMEN  T-l 


Maximum  Stress  = 

24.00  ksi 

R = 0 

.00  C = 

0.216 

Upper  Crack 

Lower  Cr 

ack 

Upper  Crack  (Cone.) 

Lower  Crack  (Cont . ) 

A, 

N, 

A, 

N, 

A, 

N, 

A, 

» 

Inch 

Cycles 

Inch 

Cycles 

Inch 

Cycles 

Inch 

Cycles 

0.  1 20 

• 

0.125 

0.485 

52600. 

1.  10  0 

51600. 

0.124 

30000. 

0.143 

23000. 

0.49  0 

52330. 

1 . 145 

5 1 ■>  0 0 • 

0.  13a 

32000. 

0.157 

24000. 

0.500 

53  33  0. 

1.200 

5221  0. 

0.155 

34000. 

0.170 

26000. 

0.510 

5320  . . 

1.  24  0 

52  4 0 0 . 

0.175 

36000. 

3.  192 

2 8330. 

0. 52  0 

53400. 

1.295 

52600. 

0.196 

37500. 

0.213 

30310. 

0.  520 

5 3 5 5 C . 

1.33  5 

52300. 

0.304 

39000. 

0 , 2?S 

32100. 

0.52  5 

53700. 

1.390 

53000. 

0 . 31  3 

40000. 

0.264 

3h0  30. 

0.530 

53300. 

1 * 44  b 

53200. 

0.245 

42300. 

0.29  6 

36300. 

0.53  5 

53900. 

1.515 

53400. 

0.270 

43500. 

0.321 

. 

0. 54  0 

54300. 

1.565 

53*550. 

0.28  5 

44710. 

0.354 

39000. 

0.541 

54370. 

1 . 64  5 

5 3 7 0 0. 

0.305 

45900. 

0.376 

40000. 

0.54  5 

54120. 

1 . 69 1> 

5 ^ i n. 

0.330 

47100. 

0. 43  0 

42000. 

0. 55  0 

54170. 

1 . 74  5 

53510. 

P.350 

48000. 

0 • 4fl  3 

. 3 0, 

0. 555 

54220. 

1.810 

54 1 1 C . 

0.360 

48500. 

0.53  5 

44710, 

0.55  5 

54270. 

1 . 865 

54170. 

0.375 

49000. 

0.58  5 

45910. 

0.560 

54300. 

1.90  0 

54120  . 

0.390 

49500. 

0.65  5 

47100. 

0. 561 

54320. 

1. 95  5 

54170. 

0.40  0 

50000. 

0.720 

48300. 

0 .561 

54340. 

2.000 

*4220. 

0.410 

50400. 

0.755 

48500. 

0 . 561 

54  35  C . 

2.  065 

*4270. 

0.42  0 

50310. 

0.800 

49000. 

0. 562 

54360. 

2.130 

54  30  0 . 

0.42  5 

51700. 

0.845 

49500. 

2. 170 

54320. 

0.445 

51600. 

0.895 

50000. 

2.255 

S4  ^ 4 9 • 

0.460 

51900. 

0.935 

50400. 

2.31 0 

54*50. 

0.470 

57200. 

0.985 

50800. 

2.42  0 

54360. 

0.48  0 

57400. 

1.03  5 

51  •’0  0. 
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TABLE  A- 13.  CONSTANT-AMPLITUDE  FATIGUE-CRACK-GROWTH  DATA 


SPECIMEN  T-2 


Maximum  Stress  = 

27.00  ksi 

R = 0.300 

t = 

0.216 

Upper 

Crack 

Lower  Crack 

Upper  Crack 

(Cont . ) 

Lower  Crack  (Cont . ) 

A, 

Inch 

N, 

Cycles 

A. 

Inch 

N, 

Cycles 

A, 

Inch 

N, 

Cycles 

A, 

Inch 

N. 

Cyc les 

0. 123 

• 

5.12  3 

• 

1.505 

5900  0 

0.133 

39050. 

0.139 

23000. 

1.94  5 

5930  0 

0. 14  0 

41050. 

0.149 

26000. 

2.075 

_ 59900 

0.144 

42500. 

0.171 

29000. 

2.34  5 

60000 

0.150 

44000. 

0.196 

32000. 



0.152 

45500. 

0.22  0 

.34500. 

0.165 

47500. 

0.247 

37000. 

0.175 

49500. 

0.271 

390  0 0. 

0.176 

51000. 

0.300 

41000. 

0.180 

52300. 

PO 

t\> 

tn 

o 

4250 0. 

JK185 

53300. 

0.350 

4 4 0 0 C • 

0.186 

54000. 

0.385 

455  0 0 • 

0.186 

54700. 

0. 44  0 

47500. 

0.190 

55200. 

0.505 

4 9 5 0 0 • 

0.191 

55  70  c . 

0.565 

a 1 0 0 0 . 

0.191 

56200. 

0.62  5 

52300. 

0.20  5 

66500. 

0.68  5 

53300, 

0.210 

563  Q 0 . 

0.7^5 

54100. 

0.22  5 

53000. 

0.795 

64700. 

0.226 

5910  C. 

0.840 

55200. 

0.235 

59300. 

0.89  5 

65710. 

— 

0.23  0 

59900. 

0.960 

56’ 00. 

0.236 

60030. 

0.995 

56500. 



1.035 

56  8 0 C > 

— 

1.24! 

' 3000. 
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TABLE 

A- 14.  CONSTANT-AMPLITUDE  FATIGUE- 

Maximum  Stress  = 32. GO  ksi  R 

CRACK- GROWTH  DATA  -- 

= 0.500  t = 0.216 

SPECIMEN 

T-3 

Upper  Crack 

Lower 

Crack 

Upper  Crack  (Coni.) 

Lower  Crack  (Cont.) 

A, 

N, 

A, 

N , 

A,  N. 

A, 

N, 

Inch 

Cycles 

Inch 

Cycles 

Inch  Cycles 

Inch 

Cycles 

0.127 

• 

0.121 

0.695  8 o4  0 0 • 

1 .025  _ 

84  10  0 

0.  138 

44000. 

0.  137 

35000. 

0.750  87400. 

1 . Ib5 

85  2 0 C 

0.166 

49100. 

0.  154 

39000. 

0.775  87  9 0 C . 

1.385 

8 643  0 

0.185 

53  00  n. 

0.174 

4-.10C. 

0.785  88000. 

1.665 

8 7 4-0  0 

0.212 

57000. 

0.199 

4900  0. 

1.96  0 

8790  0 

0.231 

61000. 

0.223 

53  0 0 c. 

2.075 

8 30  00 

0.247 

bj  0 0 0 ._ 

0 . 24 1_ 

57000. 

. 

0.261 

65000. 

0.281 

61000. 

0.280 

67000. 

0.307 

6 70  0 C . 

0.301 

69000. 

0.32  3 

_ 65 1] 0. 

0.345 

72000. 

0.34  8 

67000. 

0.  375 

74500. 

0. 377 

69000. 

0.410 

76500. 

0.42  5 

7203  0. 

0.440 

78000. 

0.485 

74530. 

0.460 

79000. 

0.550 

76500. 

0.475 

eoonc. 

0.605 

73000. 

0.485 

80700. 

0 • o4  0 

7 9 0 0 C , 

0. 51  0 

81400. 

0.69  5 

8 0 OOP. 

0. 52  5 

81900. 

0.775 

80700. 

0.54  0 

8’430. 

0.780 

81400. 

0.565 

a "Ml  c. 

0.815 

B 1 9 3 0 . 

0.566 

8 •'200. 

0.865 

82400. 

0.580 

87500. 

0.  39J 

62990. 

0.595 

84OOO. 

0 . 93  0 

83200. 

0.635 

852"  0 . 

0.970 

81600. 

- 
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TABLE  A- 15.  CONSTANT-AMPLITUDE  FATIGUE-CRACK-GROWTH  DATA 


SPECIMEN  T-4 


Saltwater  Environment 


Maximum  Stress 

= 24.00 

R = 0.00 

t = 0.219 

Upper  Crack 

Lower  Crack 

Upper  Crack  (Cont.) 

Lower  Crack  (Cone.) 

N, 

A , 

N, 

A. 

N, 

A, 

N, 

Inch  Cycles 

Inch 

Cycles 

Inch 

Cycles 

Inch 

Cycles 

0.122 

0.122 

• 

0. 96  0 

24010. 

0.172 

24010. 

0.152  12SOO. 

0.  1.3  6 

15000. 

1.  00  3 

24140. 

0.173 

2*14  0. 

0.160  13500. 

0.  142 

17000. 

0.20  0 

14700. 

0.144 

17390. 

0.249 

15  300. 

0.145 

18600. 

0.257 

15600. 

0.  148 

19500. 

0.264 

16000. 

0,149 

20300. 

0.283 

1 6 o 0 0 , 

0.149 

20700. 

0.318 

17200. 

0.149 

2100  C. 

0 .32  9 

1 7600. 

0.158 

21280. 

0.34  4 

18000. 

9.158 

21400. 

0.380 

18400. 

0.159 

21830. 

0 .40  8 

19000. 

0.160 

22100. 

0.452 

19730. 

0.161 

22300. 

0.476 

20300. 

0.163 

22500. 

0. 511 

20900. 

0.16  4 

22650. 

0.55  7 

21530. 

0.164 

22800. 

0.  591 

22100. 

0.168 

22950. 

0.623 

22700. 

0.168 

23190. 

0.67  2 

27  30  0 . 

0.16  8 

23230. 

0.718 

23300, 

0.168 

2 7 3o  0 . 

0.75  8 

24330. 

0.171 

23490. 

0.797 

2430  0. 

0.171 

23620. 

0. 857 

25300. 

0.172 

23750. 

0.90  1 

2 5 7 0 0 . 

0.172 

2 T 8 8 0 . 
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TABLE  A-16.  CONSTANT-AMPLITUDE  FATIGUE-CRACK-GROWTH  DATA  --  .REGIMEN  T-5 

Saltwater  Environment 


Maximum  Stress  = 24.00 

R = 0.00 

t = 0.216 

Upper 

Crack  Lower  Crack 

Upper  Crack 

(Cont . ) 

Lower  Crack  (Cont.) 

A, 

N,  A,  N, 

A, 

N, 

A, 

N, 

Inch 

Cycles  Inch  Cycles 

Inch 

Cycles 

Inch 

Cycles 

0.119 

0.123 

• 

0.953 

26100. 

0.12ft 

__  _ 1 4 7 0 0 . 

0.152 

15000. 

0. 99  3 

76450. 

0.173 

15300.  

0 . 18  6 

1 7 0 0 0 . 

- 

0.179 

15600. 

0.205 

17800. 

0.185 

16000. 

0.215 

1 8 60  0 . 

0 . 22  9 

16600. 

0.245  

19500.  

0.251 

1 7 2 0 0 . 

0.293 

2 0 30  C . 

JJ.27  2 

17600. 

0.319 

20700.  

0^.  28  5 

18000. 

0.34  8 

2100  0. 

- 

0.310 

18400. 

0.367 

21200. 

0.339 

1900  0. 

0.386 

21400. 

0.37  0 

19700. 

0.43  5 

21800 . 

0.40  0 

20  30  0 . 

0.487 

7210  0. 

0.42  ft 

20900. 

0.521 

2230  0.  _____ 

_ 

0.465 

21500. 

0. 57  0 

22500. 

0.496 

22100. 

0.59  3 

22650. 

0.53  2 

22700. 

0.631 

22800. 

0.575 

23300. 

0.66  3 

22950. 

0.610 

23000. 

0.715 

2 T 1 1 0 . 

0.64  6 

24300. 

0.747 

23230. 



0.686 

24800. 

0.70  4 

23360. 

_0  • 72  4 

_ 25  30  0. 

0.815 

23490. 

— 

0.762 

25900. 

0.850 

23620. 

0.80  0 

26100. 

0.887 

23750. 

0.  83  7 

26*30. 

0.92  3 

27880. 

— 

no 


TABLE  A- 17.  FATIGUE  CRACK  GROWTH  DATA,  SPECIMEN  AL-22 
SPECTRUM  B,  LIMIT  STRESS  = 27.0  ksi 

1 Block  = 100  Flights 


Block  Number 

Upper  Crack 

Length,  inch 
(2a) 

Lower  Crack 
Length,  inch 
(2a) 

0 

0.27 

0.26 

21.4953 

0.33 

0.36 

26.0502 

0.36 

0.44 

30.9655 

0.40 

0.50 

35.8903 

0.49 

0.60 

39.2915 

0.54 

0.68 

43.6583 

0.62 

0.74 

46.8809 

0.68 

0.90 

48.8903 

0.76 

0.98 

52.0063 

0.84 

1.06 

54.3448 

0.89 

1.18 

56.1693 

0.97 

1.26 

58.4420 

1.04 

1.36 

60.0533 

1.11 

1.45 

62.4232 

1.20 

1.64 

63.7555 

1.26 

1.78 

64.7712 

1.34 

1.88 

65.1223 

1.38 

1.92 

r 


TABLE  A-18.  FATIGUE  CRACK  GROWTH  DATA,  SPECD1EN  AL-18 
SPECTRUM  B,  LIMIT  STRESS  = 30.0  ksi 

1 Block  = 100  Flights 


Block  Number 

Upper  Crack 
Length,  inch 
(2a) 

Lower  Crack 
Length,  inch 
(2a) 

0 

0.27 

0.28 

23.2069 

0.47 

0.51 

24.5329 

0.49 

0.52 

25.8401 

0.53 

0.54 

26.7900 

0.55 

0.57 

27.8997 

0.56 

0.60 

28.8527 

0.58 

0.62 

29.5360 

0.60 

0.66 

31.3793 

0.67 

0.71 

32.8777 

0.71 

0.76 

34.5110 

0.75 

0.81 

36.2602 

0.82 

0.87 

37.7085 

0.90 

0.91 

40.2226 

0.98 

1.02 

41.9310 

1.04 

1.11 

44.1191 

1.14 

1.24 

46.4107 

1.20 

1.30 

48.8088 

1.31 

1.44 

50.4828 

1.42 

1.54 

51.9060 

1.45 

1.66 

53.2539 

1.61 

1.76 

53.9028 

1.61 

1.83 

54.8715 

1.75 

1.97 

55.2226 

1.77 

2.01 
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TABLE  A-19.  FATIGUE  CRACK  GROWTH  DATA,  SPECIMEN  AL-11 
SPECTRUM  B,  LIMIT  STRESS  =33.6  ksi 

1 Block  = 100  Flights 


Block  Number 

Upper  Crack 

Length,  inch 
(2a) 

Lower  Crack 
Length,  inch 
(2a) 

0 

0.2672 

0.2724 

7 

0.3344 

0.3254 

8 

0.3538 

0.3463 

12 

0.4381 

0.4145 

14.4748 

0.5066 

0.4773 

16.1321 

0.5760 

0.5358 

17.2390 

0.6165 

0.5798 

18.2327 

0.6650 

0.6245 

19.0409 

0. 7094 

0.6638 

19.8365 

0.7564 

0.7151 

21.0660 

0.8607 

0.7938 

21.8616 

0.9538 

0.8757 

22.5597 

1.0280 

0.9349 

23.3302 

1.1138 

1.0024 

23.9937 

1.2994 

1.1241 

24.4686 

1.3631 

1.1828 

24.7925 

1.8145 

1.3284 

24.8365 

1.8693 

1.3466 

24.9088 

1.9244 

1.3475 

24.9591 

1.9409 

1.3675 

25.0314 

1.9615 

1.3697 

TABLE  A-20.  FATIGUE  CRACK  GROWTH  DATA,  SPECIMEN  AL-19 
SPECTRUM  B,  LIMIT  STRESS  =37.0  ksi 

1 Block  = 100  Flights 


Block  Number 

Upper  Crack 
Length,  inch 
(2a) 

Lower  Crack 
Length , inch 
(2a) 

0 

0.26 

0.27 

6.5987 

0.32 

0.36 

7.6238 

0.34 

0.42 

10.0627 

0.3  a 

0.48 

12.7900 

0.43 

0.57 

14.2038 

0.50 

0.67 

14.9342 

0.53 

0.71 

16.5705 

0.60 

0.85 

17.5831 

0.64 

0.96 

18.7367 

0.72 

1.14 

19.4608 

0.75 

1.25 

19.7022 

0.78 

1.41 

19.7931 

0.79 

1.49 

20.2508 

0.82 

1.61 

20.5235 

Failure 
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TABLE  A-21. 

FATIGUE  CRACK  GROWTH  DATA, 
SPECTRUM  B,  LIMIT  STRESS  = 

1 Block  = 100  Flights 

SPECIMEN  Ti-11 

55.0  ksi 

Block  Number 

Upper  Crack 
Length,  inch 
(2a) 

Lower  Crack 
Length,  inch 
(2a) 

0 

0.25 

0.24 

10.7806 

-- 

-- 

14.2602 

0.31 

0.32 

16.5235 

0.33 

0.35 

20.5799 

0.37 

0.42 

23 .7022 

0.45 

0.51 

26.9091 

0.53 

0.67 

28.6332 

0.60 

0.75 

29.5893 

0.62 

0.84 

30.5611 

0.80 

0.93 

31.9969 

0.87 

1.01 

32.9060 

0.95 

1.12 

33.8527 

1.02 

1.24 

34.7116 

1.14 

1.33 

35.4702 

1.20 

1.46 

36.0094 

1.27 

1.51 

36.8339 

1.36 

1.64 

37.4514 

1.46 

1.78 

37.9812 

1.56 

1.92 

38.3605 

1.58 

2.02 

40.9436 

Failure 
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TABLE  A-22 . FATIGUE  CRACK  GROWTH  DATA,  SPECIMEN  Ti-8 
SPECTRUM  B,  LIMIT  STRESS  = 60.0  ksi 

1 Block  = 100  Flights 


Block  Number 

Upper  Crack 
Length,  inch 
(2a) 

Lower  Crack 
Length,  inch 
(2a) 

0 

0.25 

0.25 

6.6426 

Just 

barely 

started 

8.7398 

Just 

barely 

started 

13.0533 

0.38 

0.38 

14.3511 

0.46 

0.42 

16.5204 

0.55 

0.54 

18.5110 

0.67 

0.67 

19.4608 

0.74 

0.74 

20.4232 

0.82 

0.82 

21.2821 

0.92 

0.92 

22.0345 

1.03 

0.99 

22.4232 

1.07 

1.06 

23  .3699 

1.18 

1.18 

24.2006 

1.33 

1.32 

24.8245 

1.42 

1.44 

25.4232 

1.48 

1.52 

26.1442 

1.64 

1.70 

26.5799 

1.82 

1.86 

26.9812 

1.88 

1.96 

27.4107 

1.90 

2.06 

29.0125 

Failure 
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TABLE  A-23 . FATIGUE  CRACK  GROWTH  DATA,  SPECIMEN  Ti-9 
SPECTRUM  B,  LIMIT  STRESS  =65.0  ksi 

1 Block  = 100  Flights 


Block  Number 

Upper  Crack 

Length,  inch 
(2a) 

Lower  Crack 
Length,  inch 
(2a) 

0 

0.26 

0.26 

5.3699 

-- 

0.29 

7.6959 

0.31 

0.33 

9.7931 

0.32 

0.39 

11.5361 

0.39 

0.46 

13.3542 

0.46 

0.54 

14.9216 

0.55 

0.73 

15.7586 

0.70 

0.83 

16.5549 

0.78 

0.94 

17.2915 

0.84 

1.02 

18.1536 

1.00 

1.16 

18.8213 

1.08 

1.28 

19.7586 

1.20 

1.44 

20.3824 

1.30 

1.54 

21.0376 

1.44 

1.68 

21.5925 

1.54 

1.84 

22.1599 

1.78 

2.04 

23.0219 

Failure 
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TABLE  A-24.  FATIGUE  CRACK  GROWTH  DATA,  SPECIMEN  Ti-10 
SPECTRUM  B,  LIMIT  STRESS  = 70.0  ksi 

1 Block  = 100  Flights 


Block  Number 


0 

2.7680 

4.8433 

6.0439 

6.8809 

7.6426 

8.2696 

8.8621 

9.4796 

10.0784 

10.6803 

11.2602 

11.8809 

12.3229 

12.7712 

13.1944 

13.7085 

14.2602 

14.8213 

15.2445 

15.5455 

15.8527 

16.1348 

16.3699 

16.4922 

16.7241 

17.1223 


Upper  Crack 
Length,  inch 
(2a) 

0.25 


0.288 

0.300 

0.34 

0.35 

0.38 

0.40 

0.45 

0.50 

0.53 

0.62 

0.63 

0.69 

0.74 

0.79 

0.87 

0.99 

1.07 

1.14 

1.18 

1.24 

1.28 

1.32 

1.36 


Lower  Crack 
Length,  inch 
(2a) 


0.25 


0.319 
0.33 
0.40 
0.45 
0.49 
0.52 
0.57 
0.63 
0.68 
0.80 
0.84 
0.91 
0.98 
1.09 
1.20 
i .38 
1.48 
1.66 
1.74 
1.82 
1.88 
1.97 
2.33 


Failure 


I 


TABLE  A-25.  FATIGUE  CRACK  GROWTH  DATA,  SPECIMEN  AL- 12 
SPECTRUM  BASIC,  LIMIT  STRESS  = 33,6  ksi 

I Block  = 6000  Hours 


Upper  Crack 

Lower  Crack 

Block  Number 

Length,  inch 

Length,  inch 

(2a) 

(2a) 

0 

0.2845 

0.2765 

0.1810 

0.3545 

0.3419 

0.2930 

0.4264 

0.3989 

0.3588 

0.4870 

0.4608 

0.4098 

0.5559 

0.5121 

0.4337 

0.5918 

0.53  53 

0.4719 

0.6516 

0.5937 

0.5260 

0.7621 

0.6853 

0.5777 

C.8912 

0.8094 

0.6141 

1.0160 

0.8977 

0.6449 

1.1622 

0.9913 

0.6643 

Failure 

| 
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TABLE  A-26 . FATIGUE  CRACK  GROWTH  DATA,  SPECIMEN  AL-14 
SPECTRUM  BASIC,  LIMIT  STRESS  = 33.6  ksi 

1 Block  = 6000  Hours 


Upper  Crack  Lower  Crack 

Length,  inch  Length,  inch 

Block  Number  (2a)  (2a) 


0 

0.2613 

0.2529 

0.13  63 

0.3186 

0.2937 

0.1705 

0.3456 

0.3131 

0.2291 

0.3827 

0.3434 

0.2980 

0.4415 

0.3904 

0.3333 

0.4966 

0.4322 

0.3828 

0.5421 

0.4644 

0.4280 

0.6239 

0.5313 

0.4576 

0.6580 

0.5602 

0.4927 

0.7387 

0.6046 

0.4967 

0.7797 

0.6159 

0.5071 

0.8834 

0.7000 

0.5323 

0.9721 

0.7486 

0.5649 

1.1063 

0.7983 

0.5950 

1.2920 

0.8546 

0.5962 

1.3576 

0.8769 

0.6267 

1.7542 

0.9313 

120 


TABLE  A-27. 


FATIGUE  CRACK  GROWTH  DATA,  SPECIMEN  Ti-6 
SPECTRUM  BASIC,  LIMIT  STRESS  = 65.0  ksi 

1 Block  = 6000  Hours 


■ j.1  gn  ■—  ■ = 

Block  Number 

Upper  Crack 
Length,  inch 
(2a) 

Lower  Crack 
Length,  inch 
(2a) 

0 

0.2458 

0.2679 

0.1589 

0.2811 

-- 

0.1944 

0.3191 

0.3065 

0.2291 

0.3653 

0.3324 

0.2622 

0.4107 

0.3833 

0.2953 

0.4857 

0.4371 

0.3271 

0.5534 

0.4983 

0.3333 

0.6092 

0.5509 

0.3620 

0.6986 

0.6147 

0.3927 

0.7788 

0.7032 

0.4069 

0.9582 

0.7675 

0.4256 

0.9440 

0.8328 

0.4587 

1.2142 

1.0531 

0.4924 

1.4438 

1.2556 

0.4971 

1.6792 

1.4261 

0.4980 

1.7749 

1.5764 

0.5571 

Failure 
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4. 





TABLE  A-28.  FATIGUE  CRACK  GROWTH  DATA,  SPECIMEN  Ti-7 
SPECTRUM  BASIC,  LIMIT  STRESS  =65.0  ksi 

1 Block  = 6000  Hours 


Block  Number 

Upper  Crack 
Length,  inch 
(2a) 

Lower  Crack 
Length,  inch 
(2a) 

0 

0.2540 

0.2513 

0.1676 

0.2869 

0.3053 

0.1971 

0.3120 

0.3290 

0.2329 

0.3410 

0.3789 

0.2622 

0.3854 

0.4262 

0.2978 

0.4499 

0.4994  . 

0.3300 

0.5375 

0.6125 

0.3589 

0.5852 

0.6681 

0.3696 

0.6418 

0.7422 

0.3951 

0.7471 

0.8559 

0.4273 

0.8866 

1.0197 

0.4602 

1.0567 

1.2767 

0.4833 

1.1190 

1.3767 

0.4931 

1.2880 

1.6227 

0.4962 

1 .4554 

1 .9272 

0.5216 

Failure 

TABLE  A-29 . FATIGUE  CRACK  GROWTH  DATA,  SPECIMEN  Al-15 
SPECTRUM  A,  LIMIT  STRESS  =33.6  ksi 

1 Block  = 100  Flights 


Block  Number 

Upper  Crack 
Length,  inch 
(2a) 

Lower  Crack 
Length,  inch 
(2a) 

0 

0.2701 

0.2745 

5.60 

0.3128 

0.3065 

7.85 

0.3267 

0.3293 

9.90 

0.3486 

0.3380 

13.36 

0.3961 

0.3803 

16.55 

0.4534 

0.4356 

19.48 

0.5208 

0.5028 

21.29 

0.5795 

0.5370 

22.89 

0.6227 

0.5898 

24.3 

0.6761 

0.6362 

25.6 

0.7287 

0.6949 

27  .3 

0.8061 

0.7663 

28.7 

0.8830 

0.8362 

30.2 

0.9785 

0.9205 

31.6 

1.1073 

1.0338 

35.7 

1 .1953 

1.1138 

36.5 

1 .3340 

1.2510 

37.1 

1.4477 

1.3593 

37.4 

1.5170 

1.4247 

37.7 

1.7024 

1.5624 

38.1 

1.7874 

1.6395 

38.3 

1 .85 

Failure 
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TABLE  A- 30.  FATIGUE  CRACK  GROWTH  DATA,  SPECIMEN  Al-27 

SPECTRUM  A (COARSE),  LIMIT  STRESS  = 33.6  ksi 

1 Block  = 6000  Hours 


Block  Number 

Upper  Crack 

Length,  inch 
(2a) 

Lower  Crack 
Length,  inch 
(2a) 

0 

0.24 

0.25 

7.0168 

0.32 

-- 

9.3866 

0.35 

0.31 

12.3025 

0.39 

0.38 

15.0924 

0.43 

0.40 

16.8487 

0.49 

0.43 

19.1008 

0.58 

0.52 

20.8151 

0.62 

0.56 

22.6807 

0.70 

0.64 

24.3613 

0.79 

0.72 

26.0336 

0.91 

0.80 

27.1008 

0.98 

0.88 

28.0336 

1.10 

0.94 

29.1429 

1.26 

1.03 

30.1176 

1.46 

1.14 

30.4118 

Failure 

TABLE  A-31.  FATIGUE  CRACK  GROWTH  DATA,  SPECIMEN  Ti-13 

SPECTRUM  A (COARSE),  LIMIT  STRESS  = 65.0  ksi 

1 Block  = 100  Flights 


Block  Number 


Upper  Crack 
Length,  inch 
(2a) 


Lower  Crack 
Length,  inch 
(2a) 


0 

0.27 

0.25 

2.1765 

-- 

7.6975 

0.31 

0.31 

9.3193 

0.33 

0.36 

11.6218 

0.37 

0.40 

13.8571 

0.51 

0.44 

15.5126 

0.64 

0.62 

17.1176 

0.74 

0.75 

18.4706 

0.92 

0.91 

19.6134 

1.07 

1.02 

20.6634 

1.22 

1.18 

21.6639 

1 .40 

1.36 

22.2353 

1.60 

1.48 

22.4958 

1.62 

1.54 

23.0504 

1.78 

1.68 

23.5462 

24.4118 

2.04 

Failure 

1.84 

TABLE  A-32 . 

FATIGUE  CRACK  GROWTH  DATA, 
SPECTRUM  D,  LIMIT  STRESS  = 

1 Block  = 100  Flights 

SPECIMEN  Al-24 

33.6  ksi 

Upper  Crack 

Lower  Crack 

Length,  inch 

Length,  inch 

Block  Number 

(2a) 

(2a) 

0 

0.26 

0.27 

6.0061 

0.38 

0.44 

6,8589 

0.42 

0.48 

7.7423 

0.44 

0.52 

8.8160 

0.52 

0.60 

10.1350 

0.64 

0.78 

10.5399 

0.71 

0.91 

10.7546 

0.72 

0.97 

11.0613 

0.75 

1.13 

11.2699 

0.78 

1.31 

11.4417 

Failure 

126 


TABLE  A-33 • FATIGUE  CRACK  GROWTH  DATA,  SPECIMEN  Ti-12 
SPECTRUM  D,  LIMIT  STRESS  = 65.0  ksi 

1 Block  = 100  Flights 


Block  Number 

Upper  Crack 

Length,  inch 

Lower  Crack 
Length,  inch 

0 

0.25 

0.25 

4.2577 

0.35 

0.31 

5.2761 

0.45 

0.34 

6.1779 

0.53 

0.42 

6.9693 

0.66 

0.50 

7.4601 

0.80 

0.56 

7.8957 

0.88 

0.64 

8.3252 

0.94 

0.71 

8.8037 

1.07 

0.80 

9.1840 

1.24 

0.90 

9.3988 

1.33 

0.96 

9.6135 

1 .48 

0.98 

9.7853 

1.56 

1.03 

9.9571 

1.68 

1.10 

10.1718 

1.90 

1.18 

10.3681 

2.34 

1.26 

10.5399 

Failure 

TABLE  A-34.  FATIGUE  CRACK  GROWTH  DATA,  SPECIMEN  A- 7 
SPECTRUM  C,  LIMIT  STRESS  = 33.6  ksi 

1 Block  = 100  Flights 


Block  Number 

Upper  Crack 

Length,  inch 

Lower  Crack 
Length,  inch 

0 

0.25 

0.25 

10.1744 

0.32 

0.31 

12.0233 

0.34 

0.34 

15.4767 

0.38 

0.37 

18.4302 

Grip  Failure 
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TABLE  A-35 . FATIGUE  CRACK  GROWTH  DATA,  SPECIMEN  Al-26 

SPECTRUM  B (WITHOUT  GAG),  LIMIT  STRESS  = 33.6  ksi 

1 Block  = 100  Flights 


Block  Number 

Upper  Crack 
Length,  inch 
(2a) 

Lower  Crack 
Length,  inch 
(2a) 

0 

0.26 

0,28 

3.5240 

— 

— - 

5.4696 

0.28 

0.29 

7.5112 

0.33 

0.33 

10.0607 

0.38 

0,39 

12.8594 

0.42 

0,44 

15.0927 

0.45 

0,49 

17.1342 

0.52 

0.54 

18.8307 

0.58 

0.60 

20.4345 

0.63 

0.66 

21.8786 

0,69 

0.74 

22.9712 

0.  75 

0.  79 

24.2236 

0,80 

0.87 

25.0927 

0.86 

0.91 

26.1182 

0.92 

0,96 

27.2109 

0.98 

1.04 

28.3770 

1.06 

1.12 

29.5048 

1.14 

1.20 

30.6230 

1.23 

1.31 

31.4824 

1.32 

1.39 

32.1406 

1.37 

1.48 

32.8435 

1.46 

1.57 

33.4505 

1.55 

1.65 

34.0543 

1.62 

1,79 

34.6102 

1.76 

1.94 

34.9105 

1.86 

2.14 

35.5240 

Failure 
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TABLE  A-36.  FATIGUE  CRACK  GROWTH  DATA,  SPECIMEN  Ti-14 
SPECTRUM  B (WITHOUT  GAG),  LIMIT  STRESS  = 
65.0  ksi 

1 Block  = 100  Flights 


Block  Number 

Upper  Crack 
Length,  inch 
(2a) 

Lower  Crack 
Length,  inch 
(2a) 

0 

0.25 

0.27 

2.4696 

— 

— 

5.2428 

— 

— 

6.9776 

0.30 

0.32 

8.6709 

0.34 

0.34 

10.1917 

0.36 

0.42 

11.7029 

0.42 

0.53 

12.6901 

0.  50 

0.60 

13.6326 

0.52 

0.65 

14.5942 

0.60 

0.78 

15.3514 

0.64 

0.  86 

16. 1917 

0.72 

0.96 

16.8339 

0.82 

1.08 

17.4249 

0.88 

1.16 

18.1597 

0.98 

1.27 

18. 7923 

1.06 

1.38 

19. 3355 

1.12 

1.47 

19.8914 

1.24 

1.62 

20.3323 

1.28 

1.74 

20.8019 

1.40 

1.86 

21.4089 

1.50 

2.02 

22.4217 

Failure 
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TABLE  A-37 . FATIGUE  CRACK  GROWTH  DATA,  SPECIMEN  AI-17 
SPECTRUM  BASIC,  LIMIT  STRESS  = 33.6  ksi 
0.5  INCH  DIAMETER  HOLE 

1 Block  = 6000  Hours 


Block  Number 

Upper  Crack 
Length,  inch 
(a) 

Lower  Crack 
Length,  inch 
(a) 

0. 

0.2369 

0.2506 

0.1600 

0.2554 

0.2753 

0.2118 

0.2703 

0.2815 

0.2947 

0.2781 

0.3052 

0.4367 

0.3176 

0.3505 

0.5024 

0.3466 

0.3780 

0.6487 

0.3903 

0.4251 

0.7418 

0.4416 

0.4849 

0.8384 

0.5030 

0.5449 

0.9500 

0.5566 

0.6128 

1.0024 

0.68 

0.74 

1.0429 

0.69 

0.77 

1.0729 

0.74 

0.84 

1.1007 

0.81 

0.92 

1.1291 

0.86 

1.05 

1.1600 

Failure 

Second  Crack  Growth  Data 

(other  side  of  hole) 

1 . 0024 

0.10 

0.14 

1.0429 

0.11 

0.18 

1.0729 

0.16 

0.23 

1.1007 

0.24 

0.35 

1.1291 

0.25 

0.48 
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TABLE  A- 38.  FATIGUE  CRACK  GROWTH  DATA,  SPECIMEN  Al-29 
SPECTRUM  BASIC,  LIMIT  STRESS  = 33  ksi 
0.5  INCH  DIAMETER  HOLE 

1 Block  = 6000  Hours 


Block  Number 

Upper  Crack 

Length,  inch 
(a) 

Lower  Crack 
Length,  inch 
(a) 

0 

0.060 

0.060 

0.4471 

0.120 

0.110 

0.5791 

0.160 

0.150 

0.7616 

0.260 

0.230 

0.8404 

0.340 

0.280 

0.9360 

0.420 

0.360 

0.9807 

0.480 

0.390 

1.0060 

0.620 

0.500 

1.0516 

0.700 

0.550 

1.0842 

0.780 

0.630 

1.0960 

0.960 

0.750 

1.1267 

Failure 

Second  Crack  Growth  Data  (other  side  of  hole) 


1.0060 

0.060 

0.050 

1.0316 

0.110 

0.090 

1.0842 

0.210 

0.210 

1.0960 

0.370 

0.350 

TABLE  A-39.  FATIGUE  CRACK  GROWTH  DATA,  SPECIMEN  Al-20 
SPECTRUM  BASIC,  LIMIT  STRESS  =33.6  ksi 
STIFFENED  PANEL 

1 Block  = 6000  Hours 


Block  Number 

Upper  Crack 
Length,  inch 
(2a) 

Lower  Crack 
Length,  inch 
(2a) 

0 

0.31 

0.31 

0.1376 

0.38 

0.37 

0.2358 

0.41 

0.41 

0.3476 

0.47 

0.45 

0.4511 

0.50 

0.50 

0.5338 

0.54 

0.56 

0.6404 

0.60 

0.60 

0.7402 

0.65 

0.66 

0.8240 

0.72 

0.71 

0.8993 

0.76 

0.79 

0.9962 

0.87 

0.87 

1 .0789 

0.95 

0.94 

1.1584 

1.01 

1.02 

1 .2578 

1 .14 

1.14 

1 .3218 

1 .22 

1.23 

1.3607 

1.33 

1.31 

1.4000 

1.39 

1.40 

1 .4376 

1 .47 

1 .46 

1 .4916 

1 .58 

1.56 

1 .5400 

1.82 

1.77 

1.5649 

1 .91 

1 .90 

1 .6036 

2.08 

2 .02 

1.6947 

Failure 
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TABLE  A- 40.  FATIGUE  CRACK  GROWTH  DATA,  SPECIMEN  Al-21 
SPECTRUM  BASIC,  LIMIT  STRESS  = 33.6  ksi 
STIFFENED  PANEL 

1 Block  = 6000  Hours 


Block  Number 

Upper  Crack 
Length,  inch 
(2a) 

Lower  Crack 
Length,  inch 
(2a) 

0 

0.2667 

0.2685 

0.0542 

0.33 

0.34 

0.1627 

0.39 

0.41 

0.2831 

0.43 

0.46 

0.3709 

0.51 

0.52 

0.4747 

0.56 

0.58 

0.5749 

0.62 

0.64 

0.6393 

0.66 

0.70 

0.7438 

0.73 

0.79 

0.8411 

0.84 

0.88 

0.9740 

0.93 

1.00 

1.0224 

1.03 

1.10 

1.0969 

1.11 

1.19 

1.1358 

1.17 

1.25 

1.1951 

1.27 

1.34 

1.2313 

1.33 

1.43 

1.2796 

1.39 

1.52 

1.3182 

1.45 

1.60 

1.3613 

1.61 

1.77 

1.3931 

1.66 

1.83 

1.4293 

1.82 

2 .02 

1.4962 

Fai 

lure 
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